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ABSTRACT

Design and Development of a Novel Launch System with Energetic Materials for Unstable Free-Flight
Testing

Steven C. McCallister
Characterizing the behavior of highly unstable bodies in flight presents a variety of engineering
challenges. Free-flight testing with scale models provides an efficient and economical solution to this
problem. This test method requires a means of launching the test model, undamaged, at the desired velocity.
The objective of this research was to develop a launch system which incorporates the use of energetic
materials for free-flight testing of a model flight vehicle of predetermined mass and dimensions. A highlow pressure gun system was selected for the launcher design, as this system is capable of launching
relatively high masses in the velocity range of interest while retaining the necessary reliability and
repeatability for useful free-flight testing.
This research effort covers the entire process of the design, development, and construction of a
novel launch system that makes use of energetic materials for the launch propellant. The energetic material
used in this research was double-base smokeless propellant. An analysis of the selected propellant was
conducted to determine the relevant physical and chemical properties. These were used in the development
of an internal ballistics model created in MATLAB. The purposes of this model were to inform the launcher
design process and make predictive velocity estimates for future work. Propellant cartridges specific to this
research and procedures for their production were developed and tested. High-speed cameras were utilized
for the acquisition of velocity data and also proved useful in observing the dynamics of the launch event
during iterations of the launcher design process. The launch system’s potential for use with other data
acquisition methods were also investigated. These included infrared motion capture cameras and an inchamber pressure transducer.
The series of test launches conducted with the completed launcher achieved the required velocity
for the given mass of the flight model and resulted in a mean velocity within 0.16 m/s of the target velocity
with a standard deviation of 1.77 m/s. Further refinement of the internal ballistics model with data from
other acquisition systems could provide increased predictive capability, leading to a more efficient response
to changes in the mass and required velocity of the flight vehicle model.
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Chapter 1 Introduction
1.1 Problem Description
Free-flight testing of unstable bodies has been a subject of research at West Virginia University for
several years. Historically, this testing has been performed with the Pneumatic Actuated Universal Launch
Apparatus (PAULA). This trailer-mounted system uses compressed nitrogen as a propellant. While this
system has produced excellent results, its large size limits it to outdoor use. The development of an indoor
test facility with more powerful data acquisition capabilities led to a requirement for a launch system
compatible with this new capability.
A new launch system was required to facilitate free-flight testing of a scale-model flight vehicle in
a highly unstable flight regime. The scale model, developed concurrently with this work, was initially
specified with 16.276 inch overall length, 8 inch wingspan, 1.375 inch fuselage diameter, and a cruciform
tail fin configuration with 1.218 inch radius from fuselage centerline to fin tip. The model mass was
specified between 140 and 160 grams and this mass was required to achieve a velocity of 66 m/s at launch.
Experimental data was to be collected using electro-optical methods.
Initial planning and brainstorming were conducted, leading to the following launch system design
requirements and constraints:
•

Accommodation and secure support of the model flight vehicle prior to launch while
permitting minor adjustments to the specified model geometry if required

•

Rapid acceleration of the model to the specified velocity without causing structural damage
to the model

•

A high degree of repeatability from launch to launch

•

Short reset time between launches to maximize experimental throughput

•

Constructed with readily available materials using equipment common to the typical
machine shop

•

Modularity, permitting future use with model geometries and dynamics which significantly
differ from the current specifications without requiring a complete redesign

•

Remote launch initiation, allowing operator standoff from the launch event
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•

Movement, assembly, and operation possible by a single person

•

Use an energetic material as the propellant, dramatically reducing the cost per launch

This document describes the design, construction, and operation of the resulting launch system, as
well as theoretical explanation of its performance and use in experimental aerodynamic research.

1.2 Design Concept
The launch system developed during this work is a variation on the high-low pressure gun system1
utilizing energetic material in the form of smokeless propellant. Unlike conventional guns equipped with a
single, high pressure firing chamber, this system consists of two firing chambers. The propellant is loaded,
ignited, and combusted in the first chamber under conditions of high pressure and temperature. The
resulting gases are vented through one or more holes into the low-pressure chamber where they act on the
base of the projectile. Figure 1-1 shows a cut-away of a 40 mm grenade, an example of this system.

Figure 1-1: High-Low Pressure Propulsion System

1

(Corner, 1951)
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High-low pressure guns typically incorporate these two chambers into a single-use ammunition
cartridge, which also includes the igniter and projectile, assembled as a single unit. Designing both
chambers as a permanent component of the launcher instead allowed the propellant and igniter required for
each launch to be assembled into a separate, reusable ammunition cartridge. This ammunition cartridge was
then loaded with standard, commercially available handloading equipment and components.
The model flight vehicle geometry, particularly the inclusion of wings and control surfaces, and
physical properties of its construction materials precluded direct loading into the low-pressure chamber.
Instead, a primary projectile, hereafter referred to as the push rod, is loaded into the low- pressure chamber
and transfers kinetic energy to the model during launch. This arrangement permits the model to be secured
forward of the gun barrel in an adjustable launch chute, as described in Chapter 6 of this document.

1.3 Background and Prior Art
World War II saw the first widespread use of tanks and, as a result, anti-tank guns. This naturally
led to a back-and-forth increase in armor thickness and gun size. Anti-tank guns eventually became so
unwieldy that they were frequently captured as a result of the crew’s inability to displace the gun under
combat conditions.
German engineers realized that a gun design with lower peak pressure would allow an increase in
high explosive for a shell of a given weight, as the shell casing could be of lighter construction. Lower peak
pressure also reduces the required strength of the barrel, allowing it to be thinner and manufactured from
lighter materials. This combination of attributes would increase armor penetration while also increasing the
mobility of the gun.2
However, since propellant burn rate is a function of pressure, low pressure guns have ignition
problems which can lead to variable muzzle velocity from shot to shot, thereby adversely affecting
accuracy. This problem was solved by placing the propellent charge in a smaller, high-pressure chamber,
ensuring proper ignition. The propellant gases were then vented through one or more holes or nozzles into
the larger low-pressure chamber. Only this low-pressure gas acted on the projectile and barrel.
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(Corner, 1951)
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This concept was later scaled down for the design of NATO 40mm grenade launcher ammunition.
This design allowed a high explosive projectile with a mass of nearly 200 grams to be fired at relatively
low velocity from a very lightweight barrel, achieving ranges of up to 400 meters. Also, mortar ammunition
fired with only the internal charge, commonly called Charge 0, is a variation on the high-low pressure
system.3
Published work regarding this system is relatively scarce compared to conventional designs. Corner
gives a theoretical treatment on the system.4 Goldstein and Liebowitz provide an interior ballistic analysis
which includes the nozzle-start pressure.5 Their work provides useful insights in how to proceed with
modeling this type of system.
The high-low pressure gun system provides the ability to launch large and sensitive projectiles at
relatively low velocities while retaining consistent ignition and muzzle velocity. These are desirable
attributes for application to the field of free-flight experimental aerodynamics. This was the motivation for
selecting the high-low pressure system to launch unstable research flight vehicles.
The development of the new energetic launch system required the design of appropriate
ammunition for this purpose, including selection of propellant and development of ammunition loading
procedures. The management of recoil forces and the design of a reliable firing mechanism were also
necessary. The ability to fire the system remotely was considered highly desirable.
Subsequent chapters of this document address the design and development process undertaken with
this system. Ammunition design and assembly procedures are addressed first, as an understanding of its
function is necessary to appreciate follow-on topics. This is followed by an analysis of the selected
propellant conducted to determine parameters required for modeling its performance, followed by the
methodology used to estimate the nozzle-start pressure of the system. Having determined the required
parameters, a mathematical internal ballistics model of the system is described. The design and construction
of the launchers mechanical and electrical assemblies is followed by details regarding assembly and firing
procedures. Incorporation of the launch system with various data acquisition methods is also briefly
addressed.

3

(US Army, Engineering Design Handbook Gun Series, Interior Ballistics of Guns, 1965)
(Corner, 1951)
5
(Goldstein & Leibowitz, 1966)
4
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Chapter 2 Ammunition Design and Assembly
2.1 Requirements and Design Concept
The necessary ammunition cartridge components, as well as desirable features for each, were
identified early in the design process. These included: the cartridge case, primer, propellant wad, burst disk
(gas check), and propellant, shown below in Figure 2-1. Chapter 3 of this document addresses the propellant
selection and characteristics in detail.

Figure 2-1: Ammunition Components

The cartridge case required sufficient internal volume and strength to permit experimentation
during propellant load development without being needlessly large. Excessive volume decreases the
efficiency of propellant combustion for two reasons. It reduces the pressure at which combustion occurs.
Also, if the propellant is occupying the volume below the flash hole, the flame produced by the primer will
initially contact the propellant in an unpredictable manner. A rimmed, straight-walled case was also desired
to reduce potential headspace and manufacturing issues. Headspace is the distance from the face of the
breechblock to that portion of the cartridge case which prevents further forward movement into the
chamber. Rimless designs with angled case walls exist to facilitate automatic feeding and extraction, but
chambers for these are more difficult to manufacture and would provide no benefit in a system that is
manually loaded and unloaded.
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The .45 Colt cartridge case was selected for this design. This cartridge is also colloquially known
as .45 Long Colt. It is a rimmed, straight walled cartridge case that is easily and economically obtained in
bulk. Its internal volume (2.696 cm3) was determined to be more than adequate for the purpose. The .45
Colt typically serves as a revolver cartridge and, as such, there are readily available components which can
be used as a burst disk and propellant wad.
In a conventional gun system, the projectile acts to limit the chamber volume, thus allowing
sufficient pressure to ensure reliable and efficient propellant combustion. High-low pressure systems with
a single nozzle use a burst disk to obtain sufficient pressure during combustion. This concept is similar to
the burst disks used in the pressure relief safety systems of various industrial pressure vessels. Consistency
in burst disk material and geometry is important for producing shot-to-shot repeatability and allows
estimation of the disk’s burst pressure for modeling.
A .454 inch diameter copper gas check was used as the burst disk. In general, gas checks are used
to protect the base of lead alloy projectiles from hot propellant gasses during firing. Thus, they are
manufactured to fit a specific cartridge case and are available in bulk. While copper gas checks were used
in this work, aluminum gas checks are also available and could be used to provide a different nozzle start
pressure (PNS) if needed. The estimation of nozzle start pressure is addressed in Chapter 4 of this document.
A propellant wad was also incorporated into the ammunition design. This was done to keep the
propellant charge in a consistent position relative to the flash hole of the cartridge case and ensure a
consistent ignition profile, regardless of percentage of available case volume occupied by the propellant.
This consideration is particularly important for smaller propellant charges where the propellant would
occupy the portion of the case nearest the ground. In this scenario, the ignition flame could initially contact
the propellant charge in an inconsistent manner, resulting in an unpredictable combustion pattern and
reduced repeatability between shots. The wads used in this work were .45 inch vegetable fiber, pistol
shotshell wads.
Propellant ignition was provided by a percussion primer. The specified primer size for the .45 Colt
cartridge case is Large Pistol. These are available in Standard and Magnum varieties. Magnum primers
have a larger mass of primary explosive and would be appropriate for the ignition of larger propellant
charges. The presence of unburned propellant after firing would indicate the need for the increased ignition
capability of Magnum primers.
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Ammunition reloading manuals6 note the difference in energy released between brands of primer.
While this is usually mentioned in the context of ammunition loading safety, a single primer type, the CCI
#300 Large Pistol Primer, was used in this work to ensure experimental repeatability.

2.2 Ammunition Loading Procedure
The ammunition was loaded with a commercially available single stage reloading press and several
dies, shown in Figure 2-2, whose use will be described in subsequent sections. The following sections
provide details on the major steps including: gas check sizing, priming, case neck expansion, propellant
charging, wad and gas check insertion, and quality control.

Figure 2-2: Ammunition Loading Dies

2.2.1

Gas Check Sizing
The gas checks were sized using a bullet sizing die with the reloading press, depicted in Figure 2-

3 and Figure 2-4. This step ensured ease of ammunition assembly and dimensional uniformity between gas
checks.

6

(Lee, 2003)
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Figure 2-3: Bullet Sizing Die Installed in Single Stage Reloading Press

Figure 2-4: Gas Check Position for Sizing
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2.2.2

Priming
Priming was performed with a manual priming tool. Figure 2-5 shows this tool with primers and

cartridge case in their positions. During this step, a primer is pressed into the primer pocket at the base of
the cartridge case and the primer’s anvil is fully seated, making it ready for ignition when impacted by
sufficient force. In Figure 2-6, the primer has been seated into the primer pocket.

Figure 2-5: Primers and Cartridge Case Positioned in Priming Tool

Figure 2-6: Primer Inserted in Cartridge Case Primer Pocket
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2.2.3

Case Neck Expansion
An expander die, shown in Figure 2-7 and Figure 2-8, was then used to apply a slight “flare” or

“bell” to the case mouth. This is necessary to install the gas check in a later step.

Figure 2-7: Case Neck Expansion

The case was only partially inserted into the expander die and care was required to prevent over
expansion of the case mouth. The case mouth is expanded only enough to permit gas check insertion, which
was inspected with a gas check upon completion.

11

Figure 2-8: Cartridge Case Being Pressed into Expander Die with Reloading Press

In Figure 2-9, the case mouth has been expanded, permitting the gas check to be properly inserted
in a future step.
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Figure 2-9: Cartridge Case with Expanded Case Mouth

2.2.4

Propellant Charging
The equipment used in charging the case with propellant included: digital powder scale (with 1/10th

grain precision), metal weigh boats, powder trickler, and powder funnel. These items appear in Figure 210.

Figure 2-10: Propellant Measuring Equipment
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Propellant was added to the weigh boat until the desired mass is approached. The powder trickler
was then used to slowly bring the charge up to the required mass, as in Figure 2-11. This tool can add a
single kernel of propellant if turned slowly.

Figure 2-11: Powder Trickler Dispensing Propellant

The propellant and weigh boat were then covered and the scale reading checked, Figure 2-12. This
ensured air flow in the laboratory space was not affecting the reading. In this case, the propellant charge is
7.5 grains.

Figure 2-12: Measurement of Propellant Charge
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The measured propellant charge was then added to the cartridge case through the powder funnel.
This is shown in Figure 2-13.

Figure 2-13: Charging the Cartridge Case

2.2.5

Propellant Wad Insertion
The propellant wad was manually inserted into the case mouth as shown below in Figure 2-14. The

wad was then pressed into the case to a point just above the propellant charge. The seating depth of the
propellant wad was dependent upon the volume occupied by a particular charge. The goal was to prevent
the propellant from moving away from the flash hole in the base of the case, ensuring adequate and
consistent ignition, without compressing the propellant.
A variety of methods were used to seat the propellant wad to the desired depth. It was found that
an unloaded .38 Special cartridge case served as an excellent tool for this purpose. This tool was then etched
with a marking line and labeled to facilitate quick seating for a specific seating depth.
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Figure 2-14: Insertion of the Propellant Wad into the Cartridge Case

2.2.6

Gas Check Insertion
The gas check was manually inserted into the expanded case mouth, shown in Figure 2-15. This

was best accomplished by inverting the gas check on the lab bench and pressing the case down upon it until
the gas check was flush with the case mouth.
The cartridge was then returned to the reloading press with the expander die still installed. It was
then gently tapped into the expander die, forcing the gas check into the case with sufficient depth for the
case mouth to be crimped around it. This depth is subjective and the result of trial and error.

Figure 2-15: Gas Check Manually Inserted into Cartridge Case
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A bullet seating die is shown in Figure 2-16. This die had the seating plug, shown at the top of the
figure, removed for this process. This die has a constriction whose purpose is to crimp the case around
standard projectiles. The crimp was instead applied around the gas check.

Figure 2-16: Bullet Seating Die with Seating Plug Removed

With this die installed in the reloading press, the cartridge was pressed into the die until resistance
was encountered. The case was then lightly tapped against the crimping constriction. Very little pressure
was needed to provide a satisfactory crimp around the gas check. Figure 2-17 shows the results of this step.

Figure 2-17: Crimping the Gas Check into the Cartridge Case
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2.2.7

Tolerance Check
Each loaded cartridge was inserted into the high-pressure chamber of the gun system to ensure

proper fit, as in Figure 2-18.

Figure 2-18: Ensuring Proper Fit of the Loaded Cartridge into the High-Pressure Chamber

2.2.8

Labeling and Storage
Once assembled, it is impractical to determine the mass of the propellant charge in a cartridge. For

this reason, it was imperative to ensure the finished ammunition was labeled with the type and mass of
propellant immediately, as in Figure 2-19. Lots containing several identical cartridges were then stored and
labeled together in bags or ammunition boxes. However, some of the experimentation in this work required
the use of several different charges during a series of test shots. In this case, each cartridge was assembled,
bagged, and labeled prior to loading a cartridge with a different propellant charge.
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Figure 2-19: Labeling Loaded Ammunition

2.2.9

Decapping and Resizing
When fired, the propellant and primer explosive are combusted, and the burst disk and propellant

wad are ejected. The brass cartridge case expands, preventing the propellant gases from bypassing it and
exiting the rear of the firing chamber. What remains is the expanded case and the indented primer cup.
These appear in Figure 2-20.

Figure 2-20: Example of a Fired Cartridge Case
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The majority of the cost of the ammunition components is for the case. Fortunately, with proper
care, these can be reused many times. Reloading the case required that it be returned to its original
dimensions and the used primer be removed (decapping).
Figure 2-21 shows the reloading press equipped with a resizing die. This type of die contains a
decapping pin which ejects the spent primer while simultaneously returning the walls of the cartridge case
to specified dimensions. Figure 2-22 is the result of this operation. The empty primer pocket and carbon
scoring around the flash hole can be seen clearly.

Figure 2-21: Decapping and Resizing of Fired Cartridge Case
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Figure 2-22: Cartridge Case After Decapping and Resizing

2.2.10 Case Maintenance
At this point, the case could be reloaded according to the previous steps. However, the desire for
maximum repeatability and case longevity made it desirable to thoroughly clean the prepared cases prior to
reloading. Steel brushes were used to remove the carbon scoring in the primer pockets and the cases were
cleaned in a vibratory tumbler to remove residue from the previous firing. With proper care, revolver
cartridges such as those used here may be reloaded dozens of times.
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Chapter 3 Propellant
This chapter addresses the selection of an appropriate propellant for use in this system, including
its physical and chemical characteristics. This is followed by an analysis of the selected propellant to
determine values for the parameters necessary to develop an internal ballistics model. The required
parameters include the propellant covolume, adiabatic flame temperature, ratio of specific heats, force
constant, web dimension, burn rate coefficient, and burn rate exponent.

3.1 Propellant Selection Criteria
3.1.1

Overview
Several factors were considered regarding the small arms propellant to be used during the

development and use of this system. These included:

3.1.2

•

Composition

•

Physical Characteristics

•

Availability of published reference material

•

Cost and historical availability

Composition
Smokeless propellant consists primarily of nitrocellulose with a variety of potential additives used

to provide characteristics desired for particular applications. Nitrocellulose is manufactured through the
nitration of cellulose, a natural polymer which comprises the cell wall of plants, with sulfuric and nitric
acid. Each cellulose monomer contains three hydroxyl groups (OH) which may be replaced by a nitrate
group (NO3). This process incorporates additional oxygen into the polymer, aiding in the combustion
process. Controlling the reaction time allows the weight percentage of nitrogen and, by extension, oxygen,
in the finished product to be controlled. Such control of the oxygen, bonded to its carbon fuel at the
molecular level, permits refinement of the resulting combustion reaction.
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Nitration of two hydroxyl groups results in 11.11 weight percent nitrogen while the complete
nitration of three hydroxyl groups gives 14.15 weight percent nitrogen, the theoretical maximum. The
former is insufficient nitration for use in propellants while the latter is impractical to manufacture in
quantity. In practice, each monomer in the polymer chain receives two nitrate groups with some monomers
receiving a third. Nitrocellulose with 12.62 weight percent nitrogen is known as pyrocellulose, while that
with 13.45 weight percent nitrogen is known as guncotton. These products can then be mixed to obtain an
intermediate degree of nitration, 13.15 weight percent nitrogen for example. Such mixtures of pyrocellulose
and guncotton are known as military blends.7
Single-base propellants are those in which nitrocellulose is the sole energetic material. They are
commonly above 85 percent nitrocellulose. In small arms applications, they are, in general, best suited for
rifle ammunition. During the manufacturing process, they are softened with an appropriate solvent prior to
being extruded into the desired shape and then allowed to dry.
Double-base propellants are those with an additional liquid energetic component. This second
energetic material is usually nitroglycerine, although dinitrotoulene is sometimes used. The primary
purpose of this second component is to serve as a plasticizer during extrusion, negating the need for
solvents. However, the high nitrate content of the nitroglycerine increases the relative burn rate, energy,
and temperature during combustion. Double-base propellants are frequently used for pistol ammunition,
where small cartridge case volumes and short barrels limit the time and space available for the conversion
of the propellant’s chemical energy to the projectile’s kinetic energy.
In addition to nitrocellulose and nitroglycerine, a wide variety of additives may be included.
Stabilizers serve to prevent the decomposition of nitrocellulose over extended periods of time. A coating
of graphite may be added. This is an antistatic and lubricant used to prevent undesirable clumping of the
propellant. Additional oxidizers and plasticizers may be added in small amounts and several components
may be added to reduce muzzle flash.
3.1.3

Physical Characteristics
Propellant grains are manufactured in a variety of shapes. Flakes, ribbons, spheres, solid cylinders,

and perforated cylinders are common. During the burning process, gas evolves from the surface of the grain.
If all other relevant factors are equal, more gas will be evolved from a larger surface area over a given burn
time.

7

(Cooper & Kurowski, 1996)
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The initial geometry of the propellant grain determines not only its initial surface area, but it’s
surface area throughout the burning process. A propellant with a grain geometry which results in an
increasing surface area during combustion is said to be progressive. Propellants with a decreasing surface
area are called regressive. A constant surface area during combustion is said to have a neutral burning
behavior.
The web, D, is the smallest thickness of an individual propellant grain. This dimension, when
combined with the propellant burn rate, contributes greatly to the burn time. The practicality of determining
the web depends on the initial grain shape and the grain-to-grain uniformity.
In general, propellant grains with smaller size and mass will permit increased precision in the
measurement of the propellant charge. Additionally, some propellants have a reputation for smooth feeding,
or metering, through powder handling equipment. This is largely a function of grain geometry.
It should be noted the term grain has multiple uses in the field of ballistics and frequently must be
interpreted from the context in which it is used. It is most often used when referring to a single piece of
propellant. The grain may be one of several which constitute the propellant charge in a large weapon, such
as a naval gun or artillery piece, or it may refer to the entirety of the propellant in a solid rocket motor. The
mass of the propellant charge, in this case, will typically be measured in common units such as grams,
kilograms, or pounds-mass.
When used in small-arms applications, the individual piece of propellant may be referred to as
either a grain or a kernel. The confusion arises from the mass of small arms propellent charges and
projectiles being measured in grains. In this context, the grain (gr) is an avoirdupois unit of mass, defined
exactly in Eq. 3-1. Propellant measuring equipment will often be designed to report mass in this unit of
measure.

𝟏𝒈𝒓 =

3.1.4

𝟏
𝒍𝒃𝒎 = 𝟔𝟒. 𝟕𝟗𝟖𝟗𝟏 𝒎𝒈 = 𝟔. 𝟒𝟕𝟗𝟖𝟗𝟏 × 𝟏𝟎−𝟓 𝒌𝒈
𝟕𝟎𝟎𝟎

3-1

Selected Propellant
The propellant selected for this work was Bullseye®. This double base propellant:
•

Has a very high nitroglycerine content.

•

Has a chemical content similar to that of M9 propellant, used in some U.S. 40mm
ammunition.
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•

Has an unperforated cylindrical shape, making determination of the web a straightforward
procedure.

•

Is known to meter well in powder handling equipment.

•

Is readily available at an economical cost.

3.2 Chemical Composition
The chemical composition of the propellant is presented in Table 3-1.8,9
Table 3-1: Propellant Chemical Composition

Component
Percent Composition Formula
Function
Nitroglycerine
40
C3H5N3O9
Base
Nitrocellulose (13.25% N)
57.6
Base
Ethyl Centralite
0.75
C17H20N2O
Stabilizer
Potassium Sulfate
1.25
K2SO4
Flash Reducer
Graphite
0.40
C
Lubricant/Antistatic

3.3 Combustion Reaction Analysis
3.3.1

Percent Composition of Nitrocellulose
Grade C Type II Class 2 Nitrocellulose is a blend of pyrocellulose (12.6% N) and guncotton (13.4%

N). For each of these formulations, the side chain hydroxyl group and one of the remaining hydroxyl groups
in each monomer have been nitrated. The final nitrogen content is determined by the percentage of
monomers having the third hydroxyl group nitrated. Therefore, determination of an exact molecular formula
is impractical.
The composition formulas developed by Milus were used to determine composition of the
nitrocellulose.10 These formulas, given as Equations 3-2 through 3-5, where x is the known nitrogen
percentage of the blend, give the amount of each element per 100 grams of nitrocellulose.

8

𝑪 = 𝟑. 𝟕𝟎𝟏𝟗 − 𝟎. 𝟏𝟏𝟖𝟗𝒙

3-2

𝑯 = 𝟔. 𝟏𝟔𝟗𝟖 − 𝟎. 𝟐𝟔𝟗𝟔𝒙

3-3

(United States of America Patent No. 5,218,166, 1993)
(Miner, et al., 2019)
10
(Milus, 1936)
9
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𝑶 = 𝟑. 𝟎𝟖𝟒𝟗 + 𝟎. 𝟎𝟒𝟑𝟕𝒙

3-4

𝑵 = 𝟎. 𝟎𝟕𝟏𝟒𝟐𝒙

3-5

Substitution of the nominal nitrogen content (13.25%) yielded Equations 3-6 to 3-9.

𝟑. 𝟕𝟎𝟏𝟗 − (𝟎. 𝟏𝟏𝟖𝟗)(𝟏𝟑. 𝟐𝟓) =

𝟐. 𝟏𝟐𝟔𝟒 𝒎𝒐𝒍 𝑪 𝟎. 𝟎𝟐𝟏𝟐𝟔𝒎𝒐𝒍 𝑪
=
𝟏𝟎𝟎 𝒈
𝒈

3-6

𝟔. 𝟏𝟔𝟗𝟖 − (𝟎. 𝟐𝟔𝟗𝟔)(𝟏𝟑. 𝟐𝟓) =

𝟐. 𝟓𝟗𝟕𝟔 𝒎𝒐𝒍 𝑯 𝟎. 𝟎𝟐𝟓𝟗𝟕 𝒎𝒐𝒍 𝑯
=
𝟏𝟎𝟎 𝒈
𝒈

3-7

𝟑. 𝟎𝟖𝟒𝟗 + (𝟎. 𝟎𝟒𝟑𝟕)(𝟏𝟑. 𝟐𝟓) =

𝟑. 𝟔𝟔𝟑𝟗 𝒎𝒐𝒍 𝑶 𝟎. 𝟎𝟑𝟔𝟔𝟑 𝒎𝒐𝒍 𝑶
=
𝟏𝟎𝟎 𝒈
𝒈

3-8

(𝟎. 𝟎𝟕𝟏𝟒𝟐)(𝟏𝟑. 𝟐𝟓) =

𝟎. 𝟗𝟒𝟔𝟑 𝒎𝒐𝒍 𝑵 𝟎. 𝟎𝟎𝟗𝟒𝟔𝟑 𝒎𝒐𝒍 𝑵
=
𝟏𝟎𝟎 𝒈
𝒈

3-9

These results were then checked by multiplying them by the elements standard atomic weight in
grams per mole, thus yielding the percentage of each element by Equations 3-10 through 3-13.
𝟐. 𝟏𝟐𝟔𝟒 𝒎𝒐𝒍 𝑪 𝟏𝟐. 𝟎𝟏𝟏 𝒈 𝑪
)(
) = 𝟐𝟓. 𝟓𝟒𝟏𝟏% 𝑪
𝟏𝟎𝟎 𝒈
𝒎𝒐𝒍 𝑪

3-10

𝟐. 𝟓𝟗𝟕𝟔 𝒎𝒐𝒍 𝑯 𝟏. 𝟎𝟎𝟖 𝒈 𝑯
)(
) = 𝟐. 𝟔𝟏𝟖𝟑% 𝑯
𝟏𝟎𝟎 𝒈
𝒎𝒐𝒍 𝑯

3-11

𝟑. 𝟔𝟔𝟑𝟗 𝒎𝒐𝒍 𝑶 𝟏𝟓. 𝟗𝟗𝟗 𝒈 𝑶
)(
) = 𝟓𝟖. 𝟔𝟏𝟗𝟏% 𝑶
𝟏𝟎𝟎 𝒈
𝒎𝒐𝒍 𝑶

3-12

(

(

(
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(

𝟎. 𝟗𝟒𝟔𝟑 𝒎𝒐𝒍 𝑵 𝟏𝟒. 𝟎𝟎𝟕 𝒈 𝑵
)(
) = 𝟏𝟑. 𝟐𝟓𝟓% 𝑵
𝟏𝟎𝟎 𝒈
𝒎𝒐𝒍 𝑵

3-13

These percentages sum to 100.0%. The percent nitrogen content was of particular note. The
Department of Defense specifies a nitrogen content tolerance of

±0.05% for Grade C Type II

nitrocellulose.11 Thus, Equation 3-13 was well within the expected manufacturing tolerance for this
propellant’s nitrocellulose.
The modified benzene ring with single side chain gives each monomer a constant six carbon atoms.
The chemical formula was determined by dividing each element by carbon instead of nitrogen as shown in
Equations 3-14 through 3-17.12
𝟎. 𝟎𝟐𝟏𝟐𝟔 𝒎𝒐𝒍 𝑪
𝒈
𝟏𝑪
)(
)=
𝒈
𝟎. 𝟎𝟐𝟏𝟐𝟔𝒎𝒐𝒍 𝑪
𝑪

3-14

𝟎. 𝟎𝟐𝟓𝟗𝟖 𝒎𝒐𝒍 𝑯
𝒈
𝟏. 𝟐𝟐𝟏𝟔𝑯 𝟕. 𝟑𝟐𝟗𝟑 𝑯
)(
)=
=
𝒈
𝟎. 𝟎𝟐𝟏𝟐𝟔𝒎𝒐𝒍 𝑪
𝑪
𝟔𝑪

3-15

𝟎. 𝟎𝟑𝟔𝟔𝟒 𝒎𝒐𝒍 𝑶
𝒈
𝟏. 𝟕𝟐𝟑𝟎 𝑶 𝟏𝟎. 𝟑𝟑𝟖𝟎 𝑶
)(
)=
=
𝒈
𝟎. 𝟎𝟐𝟏𝟐𝟔𝒎𝒐𝒍 𝑪
𝑪
𝟔𝑪

3-16

𝟎. 𝟎𝟎𝟗𝟒𝟔𝟑 𝒎𝒐𝒍 𝑵
𝒈
𝟎. 𝟒𝟒𝟓𝟎 𝑵 𝟐. 𝟔𝟕𝟎𝟏 𝑵
)(
)=
=
𝒈
𝟎. 𝟎𝟐𝟏𝟐𝟔𝒎𝒐𝒍 𝑪
𝑪
𝟔𝑪

3-17

(

(

(

(

The molar mass (M) of the nitrocellulose was then calculated by multiplying each element from
Equations 3-14 through 3-17 by its standard atomic weight and summing as in Equation 3-18.

11
12

(US Army, MIL-DTL-244C, 2014)
(Hara & Trzcinski, 2019)
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𝑴 = 𝟔(𝟏𝟐. 𝟎𝟏𝟏) + 𝟕. 𝟑𝟐𝟗𝟑(𝟏. 𝟎𝟎𝟖) + 𝟏𝟎. 𝟑𝟑𝟖(𝟏𝟓. 𝟗𝟗𝟗) + 𝟐. 𝟔𝟕𝟎𝟏(𝟏𝟒. 𝟎𝟎𝟕)
𝒈
= 𝟐𝟖𝟐. 𝟐𝟓𝟐𝟎
𝒎𝒐𝒍

3-18

Division of each element by the molar mass of the nitrocellulose yielded percentages of each
element in Equations 3-19 through 3-22.

(𝟐. 𝟔𝟕𝟎𝟏 𝑵) (

(𝟔 𝑪) (

𝟏𝟒. 𝟎𝟎𝟕 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟏𝟑. 𝟐𝟓𝟎𝟔% 𝑵
𝒎𝒐𝒍
𝟐𝟖𝟐. 𝟐𝟓𝟐𝟎 𝒈

𝟏𝟐. 𝟎𝟏𝟏 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟐𝟓. 𝟓𝟑𝟐𝟓% 𝑪
𝒎𝒐𝒍
𝟐𝟖𝟐. 𝟐𝟓𝟐𝟎 𝒈

3-20

𝟏. 𝟎𝟎𝟖 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟐. 𝟔𝟏𝟕𝟓% 𝑯
𝒎𝒐𝒍
𝟐𝟖𝟐. 𝟐𝟓𝟐𝟎 𝒈

3-21

𝟏𝟓. 𝟗𝟗𝟗 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟓𝟖. 𝟓𝟗𝟗𝟒% 𝑶
𝒎𝒐𝒍
𝟐𝟖𝟐. 𝟐𝟓𝟐𝟎 𝒈

3-22

(𝟕. 𝟑𝟐𝟗𝟑 𝑯) (

(𝟏𝟎. 𝟑𝟑𝟖𝟎 𝑶) (

3-19

These percentages sum to exactly 100%. Equation 3-23 gives the pseudo-formula for this
nitrocellulose rounded to three decimal places.
𝑵𝑪 = 𝑪𝟔 𝑯𝟕.𝟑𝟐𝟗 𝑶𝟏𝟎.𝟑𝟑𝟖 𝑵𝟐.𝟔𝟕𝟎

3.3.2

3-23

Percent Composition of Nitroglycerine
The formula for nitroglycerine is given in Table 3-1. Its molar mass was calculated and employed

in subsequent percent composition calculations, as was previously done for nitrocellulose. These
calculations are given in Equations 3-24 through 3-28.

𝑴 = 𝟑(

𝟏𝟐. 𝟎𝟏𝟏𝒈
𝟏. 𝟎𝟎𝟖𝒈
𝟏𝟒. 𝟎𝟎𝟕𝒈
𝟏𝟓. 𝟗𝟗𝟗𝒈
𝒈
) + 𝟓(
)+𝟑(
) + 𝟗(
) = 𝟐𝟐𝟕. 𝟎𝟖𝟓
𝒎𝒐𝒍
𝒎𝒐𝒍
𝒎𝒐𝒍
𝒎𝒐𝒍
𝒎𝒐𝒍

3-24
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𝟏𝟐. 𝟎𝟏𝟏 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟏𝟓. 𝟖𝟔𝟕𝟔% 𝑪
𝒎𝒐𝒍
𝟐𝟐𝟕. 𝟎𝟖𝟓 𝒈

3-25

𝟏. 𝟎𝟎𝟖 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟐. 𝟐𝟏𝟗𝟒% 𝑯
𝒎𝒐𝒍
𝟐𝟐𝟕. 𝟎𝟖𝟓 𝒈

3-26

(𝟑 𝑵) (

𝟏𝟒. 𝟎𝟎𝟕 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟏𝟖. 𝟓𝟎𝟒𝟓% 𝑵
𝒎𝒐𝒍
𝟐𝟐𝟕. 𝟎𝟖𝟓 𝒈

3-27

(𝟗 𝑶) (

𝟏𝟓. 𝟗𝟗𝟗 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟔𝟑. 𝟒𝟎𝟖𝟒% 𝑶
𝒎𝒐𝒍
𝟐𝟐𝟕. 𝟎𝟖𝟓 𝒈

3-28

(𝟑 𝑪) (

(𝟓 𝑯) (

These percentages sum to exactly 100%.

3.3.3

Percent Composition of Ethyl Centralite
The formula for ethyl centralite is given in Table 3-1. Its molar mass was calculated and employed

in subsequent percent composition calculations, as was previously done for nitrocellulose. These
calculations are given in Equations 3-29 through 3-33.

𝑴 = 𝟏𝟕 (

𝟏𝟐. 𝟎𝟏𝟏𝒈
𝟏. 𝟎𝟎𝟖𝒈
𝟏𝟒. 𝟎𝟎𝟕𝒈
𝟏𝟓. 𝟗𝟗𝟗𝒈
𝒈
) + 𝟐𝟎 (
)+ 𝟐(
)+(
) = 𝟐𝟔𝟖. 𝟑𝟔
𝒎𝒐𝒍
𝒎𝒐𝒍
𝒎𝒐𝒍
𝒎𝒐𝒍
𝒎𝒐𝒍

(𝟏𝟕 𝑪) (

3-29

𝟏𝟐. 𝟎𝟏𝟏 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟕𝟔. 𝟎𝟖𝟔𝟗% 𝑪
𝒎𝒐𝒍
𝟐𝟔𝟖. 𝟑𝟔 𝒈

3-30

𝟏. 𝟎𝟎𝟖 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟕. 𝟓𝟏𝟐𝟑% 𝑯
𝒎𝒐𝒍
𝟐𝟔𝟖. 𝟑𝟔 𝒈
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(𝟐𝟎 𝑯) (

29

(𝟐 𝑵) (

𝟏𝟒. 𝟎𝟎𝟕 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟏𝟎. 𝟒𝟑𝟗𝟎% 𝑵
𝒎𝒐𝒍
𝟐𝟔𝟖. 𝟑𝟔 𝒈
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𝟏𝟓. 𝟗𝟗𝟗 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟓. 𝟗𝟔𝟏𝟖% 𝑶
𝒎𝒐𝒍
𝟐𝟔𝟖. 𝟑𝟔 𝒈

3-33

(𝟏 𝑶) (

These percentages sum to exactly 100%.

3.3.4

Percent Composition of Potassium Sulfate
The formula for potassium sulfate is given in Table 3-1. Its molar mass was calculated and

employed in subsequent percent composition calculations, as was previously done for nitrocellulose. These
calculations are given in Equations 3-34 through 3-37.

𝑴 = 𝟐(

𝟑𝟗. 𝟎𝟗𝟖𝒈
𝟑𝟐. 𝟎𝟔𝒈
𝟏𝟓. 𝟗𝟗𝟗𝒈
𝒈
)+(
) + 𝟒(
) = 𝟏𝟕𝟒. 𝟐𝟓𝟐
𝒎𝒐𝒍
𝒎𝒐𝒍
𝒎𝒐𝒍
𝒎𝒐𝒍

3-34

𝟑𝟗. 𝟎𝟗𝟖 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟒𝟒. 𝟖𝟕𝟓𝟐% 𝑲
𝒎𝒐𝒍
𝟏𝟕𝟒. 𝟐𝟓𝟐 𝒈

3-35

𝟑𝟐. 𝟎𝟔 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟏𝟖. 𝟑𝟗𝟖𝟔% 𝑺
𝒎𝒐𝒍
𝟏𝟕𝟒. 𝟐𝟓𝟐 𝒈

3-36

𝟏𝟓. 𝟗𝟗𝟗 𝒈
𝒎𝒐𝒍
)(
) (𝟏𝟎𝟎%) = 𝟑𝟔. 𝟕𝟐𝟔𝟏% 𝑶
𝒎𝒐𝒍
𝟐𝟐𝟕. 𝟎𝟖𝟓 𝒈

3-37

(𝟐 𝑲) (

(𝟏 𝑺) (

(𝟒 𝑶) (

These percentages sum to exactly 100%.
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3.3.5

Elemental Amounts Per Reactant Per Gram of Propellant
Nitrocellulose constitutes 57.6% W of the propellant. The amount of each element in moles per

gram of propellant was determined by Equations 3-38 through 3-41.
𝟐𝟓. 𝟓𝟑𝟐𝟓% 𝑪
𝒎𝒐𝒍
)(
) = 𝟎. 𝟎𝟏𝟐𝟐𝟒 𝒎𝒐𝒍 𝑪
𝟏𝟎𝟎% 𝑵𝑪
𝟏𝟐. 𝟎𝟏𝟏𝒈

3-38

𝟐. 𝟔𝟏𝟕𝟓% 𝑯
𝒎𝒐𝒍
)(
) = 𝟎. 𝟎𝟏𝟒𝟗𝟔 𝒎𝒐𝒍 𝑯
𝟏𝟎𝟎% 𝑵𝑪
𝟏. 𝟎𝟎𝟖𝒈
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𝟏𝟑. 𝟐𝟓𝟎𝟔% 𝑵
𝒎𝒐𝒍
)(
) = 𝟓. 𝟒𝟒𝟖𝟗 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑵
𝟏𝟎𝟎% 𝑵𝑪
𝟏𝟒. 𝟎𝟎𝟕𝒈

3-40

𝟓𝟖. 𝟓𝟗𝟗𝟒% 𝑶
𝒎𝒐𝒍
)(
) = 𝟎. 𝟎𝟐𝟏𝟏𝟎 𝒎𝒐𝒍 𝑶
𝟏𝟎𝟎% 𝑵𝑪
𝟏𝟓. 𝟗𝟗𝟗𝒈

3-41

(𝟎. 𝟓𝟕𝟔𝒈 𝑵𝑪) (

(𝟎. 𝟓𝟕𝟔𝒈 𝑵𝑪) (

(𝟎. 𝟓𝟕𝟔𝒈 𝑵𝑪) (

(𝟎. 𝟓𝟕𝟔𝒈 𝑵𝑪) (

Nitroglycerine constitutes 40.0% W of the propellant. The amount of each element in moles per
gram of propellant was determined by Equations 3-42 through 3-45.
𝟏𝟓. 𝟖𝟔𝟕𝟔% 𝑪
𝒎𝒐𝒍
)(
) = 𝟓. 𝟐𝟖𝟒𝟒 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑪
𝟏𝟎𝟎% 𝑵𝑮
𝟏𝟐. 𝟎𝟏𝟏𝒈

3-42

𝟐. 𝟐𝟏𝟗𝟒% 𝑯
𝒎𝒐𝒍
)(
) = 𝟖. 𝟖𝟎𝟕𝟑 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑯
𝟏𝟎𝟎% 𝑵𝑮
𝟏. 𝟎𝟎𝟖𝒈

3-43

𝟏𝟖. 𝟓𝟎𝟒𝟓% 𝑵
𝒎𝒐𝒍
)(
) = 𝟓. 𝟐𝟖𝟒𝟒 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑵
𝟏𝟎𝟎% 𝑵𝑮
𝟏𝟒. 𝟎𝟎𝟕𝒈

3-44

𝟔𝟑. 𝟒𝟎𝟖𝟒% 𝑶
𝒎𝒐𝒍
)(
) = 𝟎. 𝟎𝟏𝟓𝟖𝟓 𝒎𝒐𝒍 𝑶
𝟏𝟎𝟎% 𝑵𝑮
𝟏𝟓. 𝟗𝟗𝟗𝒈

3-45

(𝟎. 𝟒𝒈 𝑵𝑮) (

(𝟎. 𝟒𝒈 𝑵𝑮) (

(𝟎. 𝟒𝒈 𝑵𝑮) (

(𝟎. 𝟒𝒈 𝑵𝑮) (
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Ethyl Centralite constitutes 0.750% W of the propellant. The amount of each element in moles per
gram of propellant was determined by Equations 3-46 through 3-49.
𝟕𝟔. 𝟎𝟖𝟕𝟎% 𝑪
𝒎𝒐𝒍
)(
) = 𝟒. 𝟕𝟓𝟏𝟏 × 𝟏𝟎−𝟒 𝒎𝒐𝒍 𝑪
𝟏𝟎𝟎%𝑬𝑪
𝟏𝟐. 𝟎𝟏𝟏𝒈

3-46

𝟕. 𝟓𝟏𝟐𝟑% 𝑯
𝒎𝒐𝒍
)(
) = 𝟓. 𝟓𝟖𝟗𝟓 × 𝟏𝟎−𝟒 𝒎𝒐𝒍 𝑯
𝟏𝟎𝟎%𝑬𝑪
𝟏. 𝟎𝟎𝟖𝒈

3-47

𝟏𝟎. 𝟒𝟑𝟗𝟎% 𝑵
𝒎𝒐𝒍
)(
) = 𝟓. 𝟓𝟖𝟗𝟓 × 𝟏𝟎−𝟓 𝒎𝒐𝒍 𝑵
𝟏𝟎𝟎%𝑬𝑪
𝟏𝟒. 𝟎𝟎𝟕𝒈

3-48

𝟓. 𝟗𝟔𝟏𝟖% 𝑶
𝒎𝒐𝒍
)(
) = 𝟐. 𝟕𝟗𝟒𝟖 × 𝟏𝟎−𝟓 𝒎𝒐𝒍 𝑶
𝟏𝟎𝟎%𝑬𝑪
𝟏𝟓. 𝟗𝟗𝟗𝒈

3-49

(𝟎. 𝟎𝟎𝟕𝟓𝒈 𝑬𝑪) (

(𝟎. 𝟎𝟎𝟕𝟓𝒈 𝑬𝑪) (

(𝟎. 𝟎𝟎𝟕𝟓𝒈 𝑬𝑪) (

(𝟎. 𝟎𝟎𝟕𝟓𝒈 𝑬𝑪) (

Graphite constitutes 0.40% W of the propellant. The amount of carbon in moles per gram of
propellant was determined by Equation 3-50.

(𝟎. 𝟎𝟎𝟒𝟎𝒈 𝑮) (

𝟏𝟎𝟎. 𝟎𝟎% 𝑪
𝒎𝒐𝒍
)(
) = 𝟑. 𝟑𝟑𝟎𝟑 × 𝟏𝟎−𝟒 𝒎𝒐𝒍 𝑪
𝟏𝟎𝟎%𝑮
𝟏𝟐. 𝟎𝟏𝟏𝒈

3-50

Summing the amount of each element in Equations 3-38 through 3-50 yielded the amount of each
element per gram of propellant. These are reported in Table 3-2.
Table 3-2: Elemental Amounts Per Gram of Propellant

Carbon

0.01833 mol

Hydrogen 0.02432 mol
Nitrogen

0.01079 mol

Oxygen

0.03698 mol
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3.3.6

CHNO Oxidation
The propellant combustion reaction was modeled using the simple product hierarchy for CHNO

explosives and propellants.13 This procedure was applied to the amounts reported in Table 3-2 in Equations
3-51 through 3-55. All the nitrogen first forms N2.
𝟎. 𝟎𝟏𝟎𝟕𝟗 𝒎𝒐𝒍 𝑵
= 𝟓. 𝟑𝟗𝟒𝟔 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑵𝟐
𝟐

3-51

Then, all the hydrogen is burned to H2O.
𝟎. 𝟎𝟐𝟒𝟑𝟐 𝒎𝒐𝒍 𝑯
= 𝟎. 𝟎𝟏𝟐𝟏𝟔 𝒎𝒐𝒍 𝑯𝟐 𝑶
𝟐

3-52

Any remaining oxygen burns carbon to CO.
𝟎. 𝟎𝟏𝟖𝟑𝟒 𝒎𝒐𝒍 𝑪 + 𝟎. 𝟎𝟏𝟖𝟑𝟒 𝒎𝒐𝒍 𝑶 = 𝟓. 𝟑𝟗𝟒𝟔 𝒎𝒐𝒍 𝑪𝑶

3-53

Any remaining oxygen burns CO to CO2.
𝟔. 𝟒𝟕𝟗𝟔 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑪𝑶 + 𝟔. 𝟒𝟕𝟗𝟔 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑶 = 𝟔. 𝟒𝟕𝟗𝟔 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑪𝑶𝟐

3-54

The remaining CO remains unreacted.
𝟎. 𝟎𝟏𝟖𝟑𝟒 𝒎𝒐𝒍 𝑪𝑶 − 𝟔. 𝟒𝟕𝟗𝟔 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑪𝑶 = 𝟎. 𝟎𝟏𝟏𝟖𝟔 𝒎𝒐𝒍 𝑪𝑶

3-55

Trace amounts of nitrogen oxides will always be formed; however, no assumptions were made
concerning their presence in the reaction products. Metal additives, in this case potassium, are unlikely to
oxidize until after completion of the aforementioned steps. This propellant’s negative oxygen balance
precludes this.

13

(Cooper & Kurowski, 1996)
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Research on the chemical mechanism of flash suppressants indicates that the use of alkali metal
salts affects secondary flash suppression by production of potassium hydroxide (KOH).14 This would
require excess oxygen and hydrogen. Therefore, it was assumed that the potassium sulfate molecules would
remain unreacted until late in the firing even, perhaps until reaching the muzzle plume.
Summing the products of the CHNO oxidation reaction gives the total amount of gas produced:
0.03589 moles per gram of propellant.

3.4 Covolume
Ideal gas behavior assumes a large mean free path. This assumption is unrealistic given the high
temperatures and pressures encountered in interior ballistics applications.15 Real gasses are more accurately
modeled with the Van der Waals Equation of State, Equation 3-56.

𝑷=

𝒏𝑹𝑻
𝒂𝒏𝟐
− 𝟐
𝑽 − 𝒏𝒃 𝑽

3-56

The variables P, V, R, and n are common with the molar formulation of the ideal gas law. The variable a is
included to account for intermolecular forces. The covolume, b, accounts for the volume of individual gas
molecules. Due to the high gas temperatures in ballistics applications, the molecular kinetic energy
dominates intermolecular attraction energy. Thus, the right-hand term of Equation 3-56 is dropped, leading
to the Noble-Able Equation of State, Equation 3-57, commonly used in interior ballistics.16

𝑷=

𝒏𝑹𝑻
𝑽 − 𝒏𝒃

3-57

The Van der Waals constant b for mixed gases is calculated by Equation 3-58.17 The subscript i
indicates the species of pure components, x is the mole fraction of the pure component, and b is the Van
der Waals constant of the pure component.

14

(Cohen & Decker, 1981)
(Carlucci & Jacobson, 2018)
16
(Johnston, 2005)
17
(He, Liu, & Liu, 2017)
15
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𝒃𝒑𝒓𝒐𝒑 = ∑ 𝒙𝒊 𝒃𝒊

3-58

𝒊

Table 3-3 lists the Van der Waals constants of the relevant pure component gases.18
Table 3-3: Pure Gas Van der Waals Constant b

Gas Species Van der Waals Constant (L/mol)
N2

0.0387

H2O

0.0305

CO2

0.0429

CO

0.0395

The mole fraction, x, of each gas species was determined by Equation 3-59, where ntot is the moles of gas
produced per gram of propellant, reported in Section 3.3.6.

𝒙𝒊 =

𝒏𝒊
𝒏𝒕𝒐𝒕

Table 3-4 contains the relevant mole fractions for the propellant.

Table 3-4: Pure Gas Mole Fraction

Gas Species Mole Fraction

18

(Lide, 2009)

N2

0.150296049

H2O

0.3388301205

CO2

0.1805243554

CO

0.330349475

3-59

35
Substitution of the Van der Waals constants and mole fractions into Equation 3-58 yields the mixed
gas Van der Waals constant: 0.03694 L/mol. Conversion of this result to engineering units yielded the
propellant covolume: 36.7047 in3/lbm. This result was checked against example covolume values provided
by Carlucci19 and found to be reasonable.

3.5 Ratio of Specific Heats and Adiabatic Flame Temperature
The ratio of specific heats and adiabatic flame temperature of the propellant gases were determined
by the following iterative procedure. A spreadsheet was employed to expedite the required iterations.
Equation 3-60, the Shomate Equation20, was used to compute the specific heat at constant pressure for each
of the product gases.

𝒄𝒑 = 𝑨 + 𝑩𝑻 + 𝑪𝑻𝟐 + 𝑫𝑻𝟑 +

𝑬
𝑻𝟐

3-60

Here, T is the absolute temperature divided by 1000. The coefficients A, B, C, D, and E are unique to each
gas species and are valid for particular temperature ranges.21 The propellant being double-base with a high
nitroglycerine content, it was estimated that the adiabatic flame temperature would lie between 3500-4000
K. With the specific heat at constant pressure for each species determined, the ratio of specific heats could
then be calculated for the given temperature using Equation 3-61. In this equation, xi is the mole fraction of
the component and ℜ is the universal gas constant. This is equivalent to the more familiar form, cp/cv.

𝒌=

∑𝒊 𝒄𝒑,𝒊 𝒙𝒊

3-61

(∑𝒊 𝒄𝒑,𝒊 𝒙𝒊 ) − 𝕽

Also required were the amounts and standard heats of formation of the reactants and the reaction products,
as well as the product of these values. These are reported in Tables 3-5 and 3-6 respectively. Negative
results indicate an exothermic reaction.

19

(Carlucci & Jacobson, 2018)
(National Institute of Standards and Technology, 1997)
21
(National Institute of Standards and Technology, 1997)
20
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Table 3-5: Reactant Amounts and Heats of Formation

Reactant

n (mol)

hr (kJ/mol)

nhr (kJ)

Nitrocellulose

2.04E-3

-720

-1.47

Nitroglycerine

1.76E-3

-278.7

-4.91E-1

-105.0184

-2.94E-3

0

0

Ethyl Centralite 2.79E-5
Graphite

3.33E-4

Summation

-1.96

Table 3-6: Product Amounts and Heats of Formation

Product

n (mol)

hp (kJ/mol)

nhp (kJ)

N2

5.3946006E-3

0

0

H2O

0.01216168478

-241.826

-2.94101158

CO2

6.479590135E-3

-393.522

-2.54986127

CO

0.01185728759

-110.53

-1.310586

Summation

-6.80145885

The heat of combustion was then calculated by Equation 3-62, where Ti is the initial temperature, assumed
to be 298 K.

∆𝑯𝒄𝒐𝒎𝒃𝒖𝒔𝒕𝒊𝒐𝒏 = ∑ 𝒏𝒉𝒓 − ∑ 𝒏𝒉𝒑 + (∑ 𝒏𝒄𝒑 ) 𝑻𝒊

The adiabatic flame temperature at constant pressure was calculated by Equation 3-63.22

22

(Kubota, 2015)

3-62
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𝑻𝑨𝒑 =

∆𝑯𝒄𝒐𝒎𝒃𝒖𝒔𝒕𝒊𝒐𝒏
∑ 𝒏𝒄𝒑

3-63

The procedure was then repeated, using the result of Equation 3-63 as the input temperature in the
Shomate Equation. Equations 3-60 through 3-63 were iterated until the input temperature for Equation 360 converged with the output temperature of Equation 3-63. Multiplying this result by the final ratio of
specific heats from Equation 3-61 yielded the desired adiabatic flame temperature at constant volume,
Equation 3-64.
𝑻𝑨 = 𝒌𝑻𝑨𝒑

3-64

This resulting ratio of specific heats was 1.209. The resulting adiabatic flame temperature was 3746 K.

3.6 Force Constant
Equation 3-65 defines the propellant force constant, where n is the amount of gas in moles evolved
per gram of propellant. It is the maximum energy that can be released by burning the propellant.23
𝝀 = 𝒏𝕽𝑻𝑨

3-65

The propellant’s force constant was 1118 J/g. Double-base propellants are expected to be in the range of
950-1200 J/g.

3.7 Web Dimension
The propellant’s web, D, is defined as the smallest thickness of the initial propellant grain. For an
unperforated, cylindrical propellant such as that used in this work, the web would typically be the outer
diameter of the grain. However, the web for this particular propellant proved to be the height of the
cylindrical grain vice the cylinder diameter. This is shown in Figure 3-1.

23

(Carlucci & Jacobson, 2018)

38

Figure 3-1: Propellant Web Thickness

The web dimension was determined by carefully measuring 50 individual propellant grains at
random with a micrometer. This raw data, reported in Appendix A, was then averaged. The average web
was found to be 0.0048 in or 0.00012192 m.

3.8 Burn Rate Coefficient and Exponent
Equation 3-65 is the burn rate equation.24 The burn rate r has units of in/s. The burn rate coefficient
β has units of in/s/psiα. The burn rate exponent α is dimensionless and the pressure, P, is in psi.
𝒓 = 𝜷𝑷𝜶

3-66

The burn rate is a function of the pressure at which the propellant is burning. The values of the burn rate
coefficient and exponent must be determined experimentally, usually with the aid of a closed bomb
calorimeter.
A closed bomb calorimeter was not available during the course of this work. However, published
values of β and α are available for most military propellants and a limited variety of commercial
propellants.25 The burn rate coefficient for the selected propellant is 0.000775 in/s/psiα and the burn rate
exponent is 0.920.

24
25

(Carlucci & Jacobson, 2018)
(Cooper & Kurowski, 1996)
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Chapter 4 Nozzle Start Pressure
4.1 Theory
The cartridge burst disk is conceptually similar to the rupture disks used as safety devices to prevent
the development of unsafe pressures in pressure vessels. Its purpose is to ensure the development of a
sufficient pressure in the high-pressure chamber, resulting in more reliable ignition and combustion of the
propellant. The nozzle mentioned here is integral to the chamber assembly, allowing propellant gases to
pass from the high-pressure chamber to the low-pressure chamber. The nozzle start pressure (PNS) is the
pressure at which the burst disk will rupture, allowing the flow of propellant gases from the high-pressure
chamber, through the nozzle, and into the low-pressure chamber and bore. Equation 4-1 estimates the nozzle
start pressure.26
𝑷𝑵𝑺 =

𝑺𝑼𝑻 𝒕𝟎
𝒌𝒅

4-1

Where,
SUT is the ultimate tensile strength of the burst disk material
t0 is the measured thickness of the burst disk material
d is the nozzle diameter, designed into the chamber
k is the ratio of the location of the neutral line (t) to the material thickness (T). It is material dependent and
lies between 0.3 and 0.5
When sheet metal, such as that used for the burst disk, undergoes bending, it is placed in
compression at the inner radius and in tension at the outer radius. This causes the neutral line, defined as
the line where the material is in neither tension nor compression, to shift in the direction under compression
as shown in Figure 4-1.

26

(Murty, ChennakeshavaReddy, & Rao, 2006)
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Figure 4-1: Shift of Neutral Line in Sheet Metal Bending

The input variables and estimated nozzle start pressure of the copper gas check used as a burst disk in this
application are given in Table 4-1.
Table 4-1: Nozzle Start Pressure

SUT 30,500 psi
t0

0.018 in

d

0.313 in

k

0.35 (for copper)

PNS

5011 psi

For clarity regarding this process, Figure 4-2 shows examples of the copper gas check before and
after firing.

Figure 4-2: Copper Gas Check Before and After Firing
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Chapter 5 Internal Ballistics Model

5.1 Fundamental Equations
5.1.1

Fraction of Propellant Burnt
The web fraction, f(t), is the fraction of the unburned propellant remaining at a time, t, of the

combustion process. Its values range from 1 to 0. The fraction of propellant burnt, ϕ, is a useful
nondimensional parameter that is used to indirectly determine chamber pressure as a function of time. The
shape function, θ, is used to account for the grain geometry and published values for common shapes are
available.27 The shape function for the cylindrical propellant used in this work is 1. Equation 5-128
determines the value of ϕ in fractional steps of f.
𝝓 = [𝟏 − 𝒇(𝒕)][𝟏 + 𝜽𝒇(𝒕)]

5.1.2

5-1

Equation of Web Regression
The fraction of propellant burnt, and by extension, the amount of gas evolved, are dependent on

the propellant grains web, D, and the propellant burn rate, r, defined in Equation 3-66. This relationship is
described by Equation 5-2.29 Here, the factor of two indicates that the propellant is free to burn on both
sides.
𝑫

𝒅𝝓
= 𝟐𝜷𝑷(𝒕)𝜶
𝒅𝒕

5-2

5.2 Ignition to Nozzle Start
This phase of the firing event occurs entirely in the high-pressure chamber. It begins when the
propellant is ignited and ends when the pressure in the high-pressure chamber is sufficient to rupture the
burst disk as described in Chapter 4.

27

(Carlucci & Jacobson, 2018)
(Carlucci & Jacobson, 2018)
29
(Goldstein & Leibowitz, 1966)
28
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The chamber pressure, Ph, was solved at each fractional step of ϕ using Equation 5-3.30 The required
inputs are: the mass of the propellant charge, C, the propellant force constant, λ, the volume of the highpressure chamber, Vh, the solid propellant density, ρs, and the propellant covolume, b.
𝑷𝒉 (𝝓) =

𝟏𝟐𝑪𝝀𝝓
𝑪(𝟏 − 𝝓)
𝑽𝒉 −
− 𝑪𝝓𝒃
𝝆𝒔

5-3

This equation is a variation of the Nobel-Abel Equation of State. The numerator is dimensionally
equivalent to mRTa. The first term of the denominator is the empty volume of the chamber. The second
term accounts for the volume of the remaining unburned propellant. The third term accounts for the
covolume of the evolved propellant gases.
Having determined the chamber pressure as a function of the fraction of the propellant burnt, it was
then possible to make use of Equation 5-2. Rearranging and solving for each time step, as in Equation 5-4,
gave chamber pressure as a function of time. This was iterated up to the nozzle start pressure, PNS.
𝚫𝒕 =

𝑫
𝚫𝝓
𝟐𝜷𝑷𝜶

5-4

5.3 Nozzle Start to All Burnt
5.3.1

High-Pressure Chamber
When the pressure in the high-pressure chamber ruptures the burst disk, the propellant gasses are

free to pass through the nozzle and enter the low-pressure chamber. Two dimensionless parameters were
used to address the nozzle flow. The methods described by Corner31 were modified to include the use of a
burn rate exponent. Equation 5-5 defines ψ. While unnamed, its form indicates an attempt to account for
compressible flow. It is entirely a function of the ratio of specific heats, k. Corner states that its value will
be near 0.63 for most propellants. Equation 5-6 defines the flow factor, Ψ, which is equivalent to a gas
discharge coefficient.
𝒌+𝟏

𝟐(𝒌−𝟏)
𝟐
𝝍 = √𝒌 [
]
(𝒌 + 𝟏)

30
31

(Goldstein & Leibowitz, 1966)
(Corner, 1951)

5-5
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𝚿=

𝝍𝑺
𝝀
√
( 𝒈)

𝑫 𝒂
(
)
𝟐𝑩𝑪

5-6

The Equation of Continuity for the high-pressure chamber is given in Equation 5-7. Nh is defined
as the fraction of charge burnt which remains in the high-pressure chamber. The left-hand side of this
equation is the rate of change of the fraction of charge burnt remaining in the high-pressure chamber. The
first term on the right-hand side is rate of change of the fraction of charge burnt. The second term on the
right-hand side is the flow rate between chambers.
𝒅𝑵𝒉 𝒅𝝓 𝝍𝑺𝑷𝒉
=
−
𝒅𝒕
𝒅𝒕
𝝀
𝑪√
𝒈

5-7

Substituting for Ph gives Equation 5-8 below. The right-hand side contains Ψ. Factoring this gives
Equation 5-9.

𝒅𝑵𝒉 𝒅𝝓
=
−
𝒅𝒕
𝒅𝒕

𝝍𝑺
𝝀
√
( 𝒈)

𝑫 𝒂 𝒅𝝓
(
)
𝟐𝑩𝑪 𝒅𝒕

𝒅𝑵𝒉 𝒅𝝓
(𝟏 − 𝚿)
=
𝒅𝒕
𝒅𝒕

5-8

5-9

Integration of Equation 5-9 with the initial condition ϕNS at the nozzle start gives Equation 5-10.
This is the total fraction of burned propellant gasses remaining in the high-pressure chamber.
𝑵𝒉 = 𝝓 [𝟏 −

𝚿(𝝓 − 𝝓𝑵𝑺 )
]
𝝓

5-10

The pressure in the high-pressure chamber from nozzle-start to all-burnt was then determined as a
function of ϕ using Equation 5-11.
𝑷𝒉 (𝝓) =

𝟏𝟐𝑪𝝀𝑵𝒉
𝑪(𝟏 − 𝝓)
𝑽𝒉 −
− 𝑪𝑵𝒉 𝒃
𝝆

5-11
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5.3.2

Low Pressure Chamber
Equations 5-12 through 5-20 describe the behavior in the low-pressure chamber once the burst disk

has ruptured.32 First, a determination regarding choked flow was made. When the condition in Equation 512 is met, the flow is choked. Ph and Pl are the pressures in the high-pressure chamber and low-pressure
chamber, respectively.
𝒌

𝒌−𝟏
𝑷𝒉
𝒌−𝟏
≥ (𝟏 +
)
𝑷𝒍
𝟐(𝟏 − 𝝆𝒕 𝒃)

5-12

If the flow is choked, by definition the Mach number is M=1. The throat pressure, Pt, is then
determined using Equation 5-13 and the throat temperature, Tt, is found with Equation 5-14. The
temperature in the high-pressure chamber was assumed to remain constant at the adiabatic flame
temperature, Ta.
𝒌

𝒌−𝟏
𝒌−𝟏
𝑷𝒕 = 𝑷𝒉 (
)
𝟐(𝟏 − 𝝆𝒕 𝒃)

𝑻𝒕 = 𝑻𝒂 (𝟏 +

−𝟏
𝒌−𝟏
)
𝟐(𝟏 − 𝝆𝒕 𝒃)

5-13

5-14

In the case of unchoked flow, the throat pressure is equal to the pressure in the low-pressure
chamber. The throat temperature is determined with Equation 5-15. The Mach number is then found with
Equation 5-16.
𝒌−𝟏
𝒌

𝑷𝒕
𝑻𝒕 = 𝑻 𝒂 ( )
𝑷𝒉

𝑴𝟐 =

𝟐(𝟏 − 𝝆𝒕 𝒃) 𝑻𝒂
( − 𝟏)
𝒌−𝟏
𝑻𝒕

5-15

5-16

Having determined the Mach number and throat temperature, the gas density in the throat, ρt, is
then found with Equation 5-17. Equation 5-18 gives the gas velocity in the throat, v.

32

(Hill & McLeod, 2016)
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𝑷𝒕
𝑹𝑻𝒕

5-17

𝑴√𝒌𝑹𝑻𝒕
𝟏 − 𝝆𝒕 𝒃

5-18

𝝆𝒕 =

𝒗=

The mass flow rate through the nozzle was then calculated with Equation 5-19. The gas discharge
coefficient, G, was taken to be equal to the flow factor, Ψ, defined by Corner. The throat area, A, is a known
value. Multiplication of the mass flow rate by the time step gives the mass passing through the throat during
that time step. This is shown in Equation 5-20.
𝒎̇ = 𝑮𝝆𝒕 𝑨𝒗

5-19

𝚫𝒎 = 𝒎̇𝚫𝒕

5-20

The flow work during the time step was determined from Equation 5-21. The flow work and
projectile mass, mp, are then used to solve for the projectile velocity, vp, at the end of the time step using
Equation 5-22.
𝑾𝒇 = 𝚫𝒎 (𝒄𝒗 (𝒌𝑻𝒕 − 𝑻𝒍 ) + 𝝆𝒕 𝒃 +

𝒗𝒑 = √

𝒗𝟐
)
𝟐

𝟐𝑾𝒇
𝒎𝒑

5-21

5-22

Multiplication of the updated projectile velocity by the length of the time step gives the change in
projectile position by Equation 5-23. This, by extension, changes the volume of the low-pressure chamber.
𝚫𝒙𝒑 = 𝒗𝒑 𝚫𝒕

5-23

The mass in the low-pressure chamber and the low-pressure chamber volume give the density of
the gas in the low-pressure chamber. Equation 5-24 is then used to update the pressure in the low-pressure
chamber to determine choked flow condition for the next time step.
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𝝆𝒍 𝒌
𝑷𝒍 = 𝑷𝒕 ( )
𝝆𝒕

5-24

5.4 After All-Burnt
5.4.1

High Pressure Chamber
After combustion of the propellant is complete the pressure in the high-pressure chamber will

remain high for a brief period of time as propellant gasses proceed to the low-pressure chamber. Equations
5-25 and 5-26 are used to determine this pressure. Here, tb is the time at which the propellant combustion
is complete. The time is divided by the factor θ, which also has units of seconds.33
−𝟐𝒌

𝟏𝟐𝑪𝝀[𝟏 − 𝚿(𝟏 − 𝝓𝟎 )]
𝒕 − 𝒕𝒃 𝒌−𝟏
𝑷𝒉 =
(𝟏 + (
))
𝑽𝒉 − 𝒃𝑪[𝟏 − 𝚿(𝟏 − 𝝓𝟎 )]
𝜽

𝜽=

5.4.2

𝟐𝑽𝒉
𝟏𝟐(𝒌 − 𝟏)𝝍𝑺√𝝀𝒈

5-25

5-26

Low-Pressure Chamber
Having determined the state in the high-pressure chamber after the propellant combustion is

complete, Equations 5-12 through 5-24 are again used to determine the projectile position, projectile
velocity, and pressure in the low-pressure chamber. The relatively low pressures and temperatures
encountered in the low-pressure chamber allow covolume effects to be neglected. Muzzle velocity can
determined by ending the computational iterations when the projectile position equals the barrel length.

33

(Goldstein & Leibowitz, 1966)
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Chapter 6 Launcher Design
This chapter addresses the design of the launcher’s major assemblies and their components. These
assemblies include the chamber assembly, barrel, push rod, bolt assembly, receiver assembly, striker
assembly, trigger assembly, striker guide assembly, and the remote firing system. Figure 6-1 shows a side
view of the completed launcher with major assemblies labeled. Dimensional drawings of all manufactured
parts are included in Appendix C.

Figure 6-1: Major Assemblies of Completed Launcher

6.1 Model Propulsion
6.1.1

Chamber Assembly
The functions of the chamber assembly are to hold the ammunition cartridge, contain the pressures

developed during propellant combustion, and direct the propellant gasses to the base of the push rod. The
chamber assembly consists of inner and outer components, shown in Figure 6-2. These were machined
separately and assembled by press fit. The inner component incorporates the high-pressure chamber and
nozzle, sized to accommodate the loaded ammunition. The outer component consists of the low-pressure
chamber, sized to accept the aft portion of the push rod. The forward section of the assembly is threaded
for mating with the barrel.
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Figure 6-2: Chamber Assembly Components

The failure force of the barrel threads was determined by the method described by Carlucci and
Jacobson34 for buttress threads. This procedure utilizes Equations 6-1 through 6-10

𝑮𝟑 =

𝑮𝟐 =

34

𝑭=

𝝅 𝟐
−𝒀𝟏
(𝒅𝟎 − 𝒅𝟐𝒊 )
𝟏
𝟒
𝑮 𝟑 + 𝑮𝟐 + 𝑮𝟏 + 𝑮𝟎 +
𝟏. 𝟐

6-1

𝑭=

𝝅 𝟐
−𝒀𝟐
(𝒅𝟎 − 𝒅𝟐𝒊 )
𝟏
𝟒
𝑯𝟑 + 𝑯𝟐 + 𝑯𝟏 + 𝑯𝟎 +
𝟏. 𝟐

6-2

𝟎. 𝟏𝟓𝟔𝟐𝟓𝒅𝟑𝒐
𝟐

6-3

𝒓(𝟎. 𝟓𝒑 − 𝒓𝒕𝒂𝒏𝝋𝟏 − 𝒓𝒕𝒂𝒏𝝋𝟐 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟏 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟐 )

−𝟎. 𝟑𝟏𝟐𝟓𝒅𝟐𝒐
𝟐

(𝟎. 𝟓𝒑 − 𝒓𝒕𝒂𝒏𝝋𝟏 − 𝒓𝒕𝒂𝒏𝝋𝟐 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟏 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟐 )

(Carlucci & Jacobson, 2018)

6-4
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𝑮𝟏 =

𝑮𝟎 =

𝑯𝟑 =

𝑯𝟐 =

𝑯𝟏 =

𝑯𝟎 =

−𝟎. 𝟔𝟐𝟓𝒓𝒅𝒐
𝟐

(𝟎. 𝟓𝒑 − 𝒓𝒕𝒂𝒏𝝋𝟏 − 𝒓𝒕𝒂𝒏𝝋𝟐 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟏 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟐 )

𝟏. 𝟐𝟓𝒓𝟐
𝟐

6-5

6-6

(𝟎. 𝟓𝒑 − 𝒓𝒕𝒂𝒏𝝋𝟏 − 𝒓𝒕𝒂𝒏𝝋𝟐 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟏 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟐 )

𝟎. 𝟏𝟓𝟔𝟐𝟓𝒅𝟑𝒊
𝟐

6-7

𝒓(𝟎. 𝟓𝒑 − 𝒓𝒕𝒂𝒏𝝋𝟏 − 𝒓𝒕𝒂𝒏𝝋𝟐 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟏 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟐 )

−𝟎. 𝟑𝟏𝟐𝟓𝒅𝟐𝒊
(𝟎. 𝟓𝒑 − 𝒓𝒕𝒂𝒏𝝋𝟏 − 𝒓𝒕𝒂𝒏𝝋𝟐 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟏 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟐 )

𝟐

−𝟎. 𝟔𝟐𝟓𝒓𝒅𝒊
(𝟎. 𝟓𝒑 − 𝒓𝒕𝒂𝒏𝝋𝟏 − 𝒓𝒕𝒂𝒏𝝋𝟐 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟏 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟐 )

𝟐

𝟏. 𝟐𝟓𝒓𝟐
(𝟎. 𝟓𝒑 − 𝒓𝒕𝒂𝒏𝝋𝟏 − 𝒓𝒕𝒂𝒏𝝋𝟐 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟏 + 𝟎. 𝟓𝒅𝒑𝒎 𝒕𝒂𝒏𝝋𝟐 )

𝟐

6-8

6-9

6-10

The input variables for this work are given below in Table 6-1.35 Tooling for buttress threads was
unavailable and was considered unnecessary for this application. The thread form used was 1.5 inch UNC.
This was simply accounted for by setting the thread angles equal. Both external and internal were
manufactured with 6061-T6 Aluminum Alloy.

35

(Oberg, Jones, Horton, & Ryffel, 2012)
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Table 6-1: Barrel Thread Failure Input Variables

Variable

Symbol

Value

External Thread Major Diameter

do

1.4976 in

Internal Thread Minor Diameter

di

1.320 in

Yield Strength in Tension

Y1,Y2

40,000 lbf/in2

Pitch Distance of Thread Form

p

1/6 in

Thread Angle 1

ϕ1

30 deg

Thread Angle 2

ϕ2

30 deg

Minimum Shear Radius

r

0.6600 in

Maximum Shear Radius

r

0.7488 in

External Thread Pitch Diameter

dpm

1.3893 in

The unknowns are r, the radius at which the threads will fail, and F, the force at which the joint
will fail. Equations 6-1 through 6-10 were solved numerically utilizing the code provided as Appendix D.
F is plotted as a function of r, as shown in Figure 6-3. The lowest point of these two curves provides the
force and location of failure.
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Figure 6-3: Thread Failure Force as a Function of Radius

The threaded joint between barrel and chamber will fail on the chamber threads at a radius of 0.66
inches and at a force of 7099 lbf.
The chamber components were assembled by press fit. Thus, it was required to determine the
contact pressure between the two components by Equation 6-11.36 The input variables and solution to this
calculation are presented in Table 6-2. The inner component was manufactured from stainless steel and the
outer component was manufactured from 6061-T6 aluminum alloy.
𝒑=

36

(Budynas, 2015)

𝜹
𝟏 𝒓𝟐
𝑹 [ ( 𝒐𝟐
𝑬𝒐 𝒓𝒐

+
𝟏 𝑹𝟐 + 𝒓𝟐𝒊
+ 𝝊𝒐 ) + ( 𝟐
− 𝝊𝒊 )]
𝟐
𝑬𝒊 𝑹 − 𝒓𝟐𝒊
−𝑹
𝑹𝟐

6-11
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Table 6-2: Chamber Interference Fit Input Variables and Solution

Variable

Symbol

Value

Radial Interference

δ

0.003 in

Outer Young’s Modulus

Eo

10.4 Mpsi

Inner Young’s Modulus

Ei

27.6 Mpsi

Outer Poisson Ratio

νo

0.333

Inner Poisson Ratio

νi

0.305

Nominal Radius

R

0.625 in

Outer Radius

ro

1.6 in

Inner Radius

ri

0.24 in

Contact Pressure

p

23,938 psi

The friction force preventing separation of these components under load is determined by Equation 6-12.
The input variables and solution are presented in Table 6-3.
𝑭𝒇 = 𝝁𝒔 𝒑𝑨

6-12

Table 6-3: Chamber Friction Force Input Variables and Solution

Variable

Symbol

Value

Friction Force

Ff

40,713 lbf

Static Friction Coefficient (Steel and Aluminum)

μs

0.61

Contact Pressure

p

23,938 psi

Contact Area

A

2.788 in2
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6.1.2

Barrel
The barrel is shown in Figure 6-4 . It was manufactured from 6061-T6 aluminum alloy. The bore

is the hole that passes through the length of the barrel. The muzzle is the end of the barrel, where the
projectile exits. The rear section of the bore was threaded to accept the forward section of the chamber
assembly. In practice, a light coat of anti-seize compound was applied to the threads to ensure ease of
disassembly and as an additional barrier against gas leakage during firing. The critical dimension of the
barrel is the bore diameter, which must be smaller than the fuselage of the flight vehicle model used in free
flight testing. For this work, the barrel was bored and honed to 1.25 inches.

Figure 6-4: Barrel

6.1.3

Push Rod
The push rod, shown in Figure 6-5, is the primary projectile of the launch system. Its purpose is to

transfer kinetic energy to the model flight vehicle. It was manufactured using polyacetal thermoplastic and,
while reusable, is considered semi-consumable due to anticipated wear.
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The obturating band prevents bypass of propellant gases, providing the necessary pressure gradient
for propulsion. The centering band serves to support the front of the push rod, ensuring it remains aligned
with the centerline of the bore. Both bands are finished to match the bore diameter. The section aft of the
obturating band mates with the low-pressure chamber. However, its length is insufficient to contact the
nozzle. Forward of the centering band is the arrestor hole. Nylon parachute cord is passed through this hole,
permitting attachment to the inertial arrest system, which separates the push rod from the model after
launch. The nose of the push rod was equipped with a spring hole. A spring may be added if the model is
lightly constructed and a less violent transition to forward flight is desired.

Figure 6-5: Push Rod

6.2 Recoil Management
6.2.1

Bolt Assembly
The bolt assembly serves several functions. When assembled, it captures the striker assembly

during cocking and guides the tip of the striker head to the primer during firing. The launch event imparts
recoil forces to the chamber and the head of the cartridge case. The bolt assembly transfers these rearward
forces to the receiver assembly. The assembly components are pictured in Figure 6-6.
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The body of the bolt was manufactured from a single stainless-steel cylinder. Its central hole was
sized to accommodate the striker head and striker spring. The forward face of the bolt is sealed except for
the firing pin hole (not shown). This allows only the tip of the striker to protrude from the bolt face during
firing. The bolt was tapped for installation of the bolt locking lugs. Steel shoulder bolts were used for the
locking lugs, permitting easy replacement if they become damaged. The bolt locking lugs mate to the
locking lug slots at the rear of the chamber.

Figure 6-6: Bolt Assembly

The backplate is attached to the rear of the bolt with four backplate bolts. Its central hole was sized
to accommodate the striker shaft. When the firing system is cocked, the striker spring is compressed against
the forward face of the backplate.
6.2.2

Receiver Assembly
The receiver assembly supports the other components of the system while transferring the recoil

force through the mount to the ground. Components of the receiver assembly are depicted in Figure 6-7.
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Figure 6-7: Receiver Assembly

The upper receiver supports the bolt and transfers the recoil force to the lower receiver. It was
manufactured from a single block of stainless steel. The hole in its forward face (not pictured) was sized to
accommodate the largest diameter of the bolt body while the hole in its rear face allows the rear of the bolt
and backplate to pass through it. It has two full-width recoil lugs which mate to slots in the lower receiver.
The lower receiver was made from a 0.5 inch plate of carbon steel. In addition to the recoil lug
slots, it was also drilled and tapped to allow attachment of the trigger housing, striker support plate, and
two aluminum barrel supports. The barrel rests on the barrel supports to prevent an undesirable moment
from affecting the necessary concentricity of the system. Each barrel support was retained with two low
profile socket-head screws.
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6.3 Firing Train
6.3.1

Striker Assembly
The striker assembly is pictured in Figure 6-8. The striker head, striker shaft, and cocking handle

were manufactured from carbon steel rods. The firing pin is a thin protrusion integral to and machined onto
the front face of the striker head. The length of firing pin protrusion beyond the forward face of the bolt is
one of the most critical dimensions in the entire launcher. Insufficient protrusion results in a failure to fire.
Excessive protrusion results in primer cup perforation and inconsistent chamber pressure. However, the
firing pin is subject to potential wear or damage.
A separate head joined to the striker shaft with threads was a design choice made for two reasons.
Threading permits fine adjustments to the length of firing pin protrusion, thus overcoming problems with
wear or manufacturing tolerances. Should the head become irredeemably damaged, it is easily replaced
without resorting to the construction of an entire striker assembly.
The cocking handle is a simple rod with half its length turned to the diameter of a matching hole at
the rear of the striker shaft. It is used to pull the shaft rearward, thus compressing the striker spring against
the bolt backplate. It is easily removeable when the launcher is not in use. The cocking handle is also sized
to fit through the nozzle between the high and low pressure chambers. This allows it to serve as a cartridge
case extractor.

Figure 6-8: Striker Assembly

58
Primers require sufficient force be applied to ignite them. Military small arms ammunition
incorporates harder-than-standard primer cups to prevent slam fires in systems with free floating firing pins.
The force required to ignite such primers is approximately 16 lbf. While hard military primers were not
used in this work, their ignition force was taken as a theoretical maximum for design.
Striker assembly design required consideration of the striker spring dimensions, striker spring rate,
and trigger notch location. After identifying a spring with acceptable dimensions, Hooke’s Law, Equation
6-13 was used to determine the force. The pertinent inputs and results are presented in Table 6-4.
𝑭𝒔 = 𝒌𝒙

6-13

Table 6-4: Striker Assembly Design

Description

Symbol

Value

Spring Outer Diameter

NA

0.48 in

Spring Inner Diameter

NA

0.37 in

Initial Spring Length

NA

3.00 in

Spring Length at Maximum Compression

NA

1.11 in

Compressed Distance

x

1.89 in

Spring Rate

k

10 lbf/in

Spring Force

Fs

18.9 lbf

The selected striker spring was capable of imparting the theoretical maximum force required while
possessing excess force to overcome losses from friction and fouling. The results of this analysis were then
used to inform other design choices including: location of trigger notch, diameter of central hole in the bolt,
length of the bolt, diameter of the striker shaft, length of the striker shaft, diameter of central hole in the
backplate, dimensions of the trigger bar and trigger housing, and required force of the trigger solenoid.
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6.3.2

Trigger Assembly
The trigger assembly holds the striker assembly in the cocked position until actuated by the

operator. Figure 6-9 shows its components with the trigger housing transparent for clarity. The trigger
housing was manufactured from rectangular steel tubing cut to the required dimensions. It was secured to
the rear of the lower receiver plate by the trigger housing bolts. A solenoid was selected as the actuator for
the trigger mechanism, allowing for safe remote firing capability. The solenoid was threaded into the
solenoid spacer, allowing the position of the solenoid plunger to be adjusted in relation to the trigger bar.

Figure 6-9: Trigger Assembly
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Figure 6-10 shows the internal components of the trigger mechanism in the cocked position. The
trigger bar was cut by water jet from sheet steel. It is secured to the trigger housing by, and rotates about,
the trigger pin. The sharp edge of the trigger bar, at the lower left of the figure, sits in the trigger notch of
the striker shaft when cocked, thus holding the striker spring in compression. After rough machining, the
sharp edge of the trigger bar was hand finished with files and a whetstone to ensure smooth disengagement
from the trigger notch during firing.
The trigger adjustment screw was threaded through the top of the trigger housing. This screw
prevents counter-clockwise rotation of the trigger bar as pictured. Thus, it controls the engagement depth
of the trigger bar with the trigger notch. Screwing in increases the trigger sensitivity while screwing out
decreases sensitivity. This allows the operator to balance safety with functionality.
When actuated, the solenoid plunger passes through the solenoid spacer, impacting the forward
portion of the trigger bar at the right of the figure. This force imparts a moment to the trigger bar about the
trigger pin, rotating it out of the trigger notch and allowing the striker to move forward under the force of
the compressed striker spring.

Figure 6-10: Internal Trigger Components
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Figure 6-11 provides a view of the internal trigger components from the rear for additional clarity.
The trigger pin spacers prevent translational motion of the trigger bar along the trigger pin. These were
manufactured from oil impregnated brass tube and hand fit with a whetstone to reduce rotational friction
on the trigger bar. The trigger pin features holes along its length, allowing it to be secured to the trigger
housing with a cotter pin.

Figure 6-11: Rear View of Trigger Components

The trigger bar design process required the balancing of several competing considerations. The
force imparted on the trigger bar by the cocked striker shaft was a known value, resulting from the design
work described in Section 6.3.1. This force imparts a moment on the trigger bar. The trigger solenoid had
a known maximum stroke length of 0.5 inches. The force imparted by a solenoid plunger decreases through
its stroke. Known values of this force are given in Table 6-5.
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The primary design consideration was selection of the moment arm lengths such that the moment
imparted by the solenoid would exceed the moment imparted by the striker shaft. Other considerations were
accommodating the diameter of the trigger pin, determining the location of the trigger adjustment screw,
and avoiding interference between the forward portion of the trigger bar and the striker shaft during firing.
Table 6-5 provides the results of this design process.
Table 6-5: Trigger Bar Design Parameters and Results

Description

Value

Solenoid Force at 10% of Stroke Length

12.25 lbf

Solenoid Force at 20% of Stroke Length

10.25 lbf

Solenoid Force at 50% of Stroke Length

4.875 lbf

Solenoid Force at 100% of Stroke Length

1.875 lbf

Compressed Striker Spring Force

18.9 lbf

Solenoid Moment Arm Length

2.51 in

Striker Moment Arm Length

0.41 in

Moment Imparted by Striker

7.75 in lbf

Moment Imparted by Solenoid at 50% of Stroke Length 12.24 in lbf

It can be seen that, in the first 0.25 inches of travel, the trigger solenoid will impart sufficient
moment to the trigger bar to fire the system.
6.3.3

Striker Guide Assembly
The design iteration process revealed a problem resulting from the length of the striker shaft. When

the trigger bar was rotated during firing, it frequently did not release smoothly from the trigger notch.
Instead, it would subject the unsupported rear portion of the striker shaft to upward cantilever beam bending.
This issue was mitigated by the installation of the striker guide assembly shown in Figure 6-12.
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Figure 6-12: Striker Guide Assembly

The striker guide plate was manufactured from 1/8 inch carbon steel and secured to the bottom of
the lower receiver at the rear trigger housing bolt hole. A threaded eye-bolt was used for the striker guide.
The guide is secured to the plate with washers and the adjustment nuts. During assembly, the rear of the
striker shaft was passed through the eye. The height of the guide was then adjusted such that the striker
shaft could slide along the top of the eye. This prevented unwanted vertical translation of the striker shaft
without negatively impacting horizontal translation.

6.4 RF Remote Firing System
The Radio Frequency (RF) Remote Firing System was designed to permit actuation of the cocked
trigger mechanism while providing the operator with standoff distance from the launcher for additional
safety. The system components are depicted in Figure 6-13.
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Figure 6-13: RF Remote Firing System

As stated previously, the trigger solenoid serves as the actuator for the trigger mechanism by means
of its electro-mechanical plunger. A 12 Volt battery provides the necessary power to the system. Control is
provided by an RF controlled relay placed in the systems electrical circuit. A wiring harness (not shown)
was assembled to transfer power from the relay to the solenoid, allowing the battery and relay to be placed
at the base of the launcher stand. When ready to fire, the operator activates the relay by means of the RF
transmitter. The relay then sends an electrical signal from the battery to the solenoid, forcing the solenoid
plunger to impact the trigger bar.
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6.5 Model Support
The means of supporting the model flight vehicle prior to launch and during initial acceleration is
highly dependent on the dimensions and material properties of the model to be tested. A model for use in
future work was developed concurrently with this work and an appropriate support apparatus was
constructed as part of that development. Figures 6-14 and 6-15 are provided as an example of such a model
support. This apparatus features adjustable rails for the model to ride during launch, allowing some limited
adjustment to the model relative to the push rod. The rear of the model support, also referred to as a model
chute, was attached to the forward end of the lower receiver plate with bolts for easy installation and
removal.

Figure 6-14: Model Support Example37

37

(Browning, 2021)
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Figure 6-15: Model Support Side View38

Figure 6-16 shows the assembled launcher with model support attached. Figure 6-17 shows the
final product mounted to its stand and ready for use. The mounting stand is capable of being adjusted to
different launch angles.

38

(Browning, 2021)
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Figure 6-16: Assembled Launcher with Model Support Attached

Figure 6-17: Mounted Launch System
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6.6 Launcher Testing
A methodical approach to testing and validation of the system was conducted to ensure efficiency
and safety. Manufactured components were inspected for fit and function, with minor hand fitting
conducted as necessary. Extensive dry firing (without ammunition) was then conducted to determine
appropriate adjustments, particularly to the trigger mechanism. Once mechanical reliability was ensured,
the system was tested with ammunition loaded only with a primer. This was done repeatedly to apply correct
adjustments to the firing pin protrusion distance.
Live firing was conducted with a test projectile in the anticipated mass range of the service flight
vehicle model. Propellant charges were changed in small increments to develop a basis for expected results
and to identify problems before they could become catastrophic. These tests were filmed with high-speed
cameras which enabled the determination of model velocities, but also proved invaluable in studying the
launch systems firing and recoil dynamics in a manner not possible to observe in real time. This testing,
while primarily done for mechanical validation, provided developmental experience in firing procedures
and data acquisition, both addressed in subsequent chapters.
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Chapter 7 Firing Procedure
7.1 Launch Facility
7.1.1

Outdoor Launch Facility
Free-flight testing of any type requires a carefully selected facility. It must be of sufficient size to

accommodate the test being conducted. The down-range area must be adequate to contain a worst-case
scenario regarding the projectiles trajectory and the launch area must be large enough for the set-up of the
launch system as well as any supporting equipment and vehicles while providing some stand-off distance
from the launcher. Ideally, the facility will have relative isolation from other structures and activities while
possessing sufficient vehicle access. Provision for any electrical requirements should also be made.
The preponderance of live-fire testing conducted during the course of this research occurred at a
dedicated free-flight test facility which had been used previously for similar research. The outdoor freeflight test facility is located at the WVU Reedsville Farm. The research team has been assigned a secluded
area on the farm that has sufficient size and safety to be an ideal location for the required free-flight testing.
The outdoor test range is called the Reedsville Proving Ground or WVU RPG. Figure 7-1 shows the
launcher stand emplaced prior to launcher assembly at this facility. The background of this figure is the
down-range area, which extends approximately 300 meters to the distant tree line. A reference marker used
for optical data acquisition is visible to the left of the stand.

Figure 7-1: Launcher Stand at Outdoor Free-Flight Launch Facility-WVU RPG
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Figure 7-2 shows the set-up of supporting equipment with provisions made to protect data
acquisition equipment from inclement weather and direct sunlight. Figure 7-3 shows the view of the launch
stand location from directly behind the high-speed camera.

Figure 7-2: Location of Supporting Equipment

Figure 7-3: View of Launcher Location from High-Speed Camera
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7.1.2

Indoor Launch Facility
While an indoor free-flight launch facility limits the velocities and energies that can safely be

attained during testing, there are also several benefits. Testing may be conducted in a more controlled
environment under all lighting and weather conditions. Also, more powerful data acquisition tools for free
flight testing may be brought to bear with better effect in a controlled environment. Several test launches
were conducted in such a facility to determine its feasibility and launcher compatibility for future research,
with promising results.
The indoor free-flight launch facility is a repurposed large-scale wind tunnel, also located at the
WVU Reedsville farm. The test section is 17 ft ×17 ft × 110 ft, which is sufficient for the planned freeflight testing of a scaled model. A large array of infrared motion capture cameras have been installed to
observe the tunnel volume and capture near real-time trajectory and state information of free-flight objects.
A net has been installed to capture the model at the end of its trajectory. Figures 7-4 and 7-5 highlight these
details.

Figure 7-4: Indoor Launch Facility

72

Figure 7-5: Model Capture Net

7.2 Safety Considerations
Free-flight testing is inherently hazardous. The most significant hazard encountered with this
system is the potential of being struck by the model or push rod. This hazard is easily mitigated by taking
simple precautions. The operator must maintain the ability to observe and control access to the area around
and forward of the launch system. Under no circumstances should personnel move forward of the launcher
once loaded. The ability to remotely fire the system provides additional stand-off and safety. Finally, good
communication among all members of the test team is imperative. Everyone involved must know the
condition of the launcher at all times.

7.3 Loading and Firing
7.3.1

Assembly
The launcher is first bolted securely to its stand. There are four bolts on each side of the lower

receiver. This is depicted in Figure 7-6.
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Figure 7-6: Attachment of Launcher to Stand

The trigger solenoid is then screwed into the solenoid spacer atop the trigger housing, Figure 7-7.
The battery and relay are positioned at the base of the launcher as in Figure 7-8. The solenoid and relay are
connected by the wiring harness. However, the battery is left disconnected from the relay until ready for
launch as an added safety measure.
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Figure 7-7: Trigger Solenoid Installed

Figure 7-8: Battery and Relay Placement
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The push rod is installed into the barrel and its arrest lines are adjusted to permit smooth travel
through the model support without interfering with the model’s movement, as shown in Figure 7-9. During
the development and preliminary testing of this system, it was found that the attachment of several small
weights to the arrest lines immediately below the mouth of the model support would impart additional
inertia to the push rod/arrest line system and allow the model to rapidly separate from the push rod. These
are depicted in Figure 7-10. The ends of the arrest lines, opposite the push rod, may be tied directly to the
launcher stand or staked to the ground on either side of the trajectory as was typically done at the outdoor
launch facility. Once these adjustments are complete, the push rod is removed and placed in the model
support until needed.

Figure 7-9: Placement of Push Rod and Arrest Lines
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Figure 7-10: Push Rod Arrest Line Weights

7.3.2

Loading
To load the system, the barrel and chamber are removed and an ammunition cartridge is fully seated

into the high-pressure chamber, shown in Figure 7-11. The barrel and chamber are then returned to position
and rotated, locking the bolt locking lugs into their respective slots at the rear of the chamber, as in Figure
7-12.
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Figure 7-11: High-Pressure Chamber Loaded with an Ammunition Cartridge

Figure 7-12: Loaded Chamber Locked in Position

The push rod is then placed in the barrel, ensuring its rear is fully seated into the low-pressure
chamber. The model may now be placed in its support, contacting the front of the push rod. Figure 7-13 is
a top-down view of this arrangement. The model shown was used for preliminary testing of the system.
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Figure 7-13: Model and Push Rod Positioning

7.3.3

Cocking
Once loaded, the system is ready to be cocked. The striker shaft is pulled to the rear with the cocking

handle. The trigger bar is then depressed into its notch in the striker shaft, holding the striker shaft to the
rear under spring loading. This is shown in Figure 7-14.
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Figure 7-14: Cocked Trigger Mechanism

7.3.4

Firing
Prior to firing, a final check of the area is made to ensure a safe launch. The operator then moves

to a safe stand-off distance. To fire the system, the battery is first connected to the relay. Pressing the firing
button on the RF transmitter, shown in Figure 7-15, will then fire the system.
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Figure 7-15: RF Transmitter for Remote Firing System

7.3.5

Cartridge Case Extraction
Prior to reloading the system, the spent cartridge case must be removed from the high-pressure

chamber. The chamber is unlocked from the bolt and then unscrewed from the barrel. The cocking handle
was designed to fit through the chamber nozzle and it is inserted at this point, as shown in Figure 7-16. A
gentle tap with a plastic mallet extracts the expanded cartridge case from the high-pressure chamber.

81

Figure 7-16: Cartridge Case Extraction

7.4 Data Acquisition
7.4.1

High-Speed Camera
The velocity data gathered during the development of this launch system was obtained by filming

each launch with the Edgertronic™ SC-2 high-speed camera shown in Figure 7-17. An assistant manually
triggered the camera’s recording function at launch. The camera was set to record three seconds prior to
and after triggering at a frame rate of 400 frames per second sufficient for anticipated launch velocities.
The attached Nikon™ AF lens permitted adjustment for various lighting conditions.

Figure 7-17: High-Speed Camera and Lens
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7.4.2

Motion Tracking Software
The high-speed video was imported into Tracker motion tracking software. This software permitted

the position and velocity of the model to be determined at each frame of the flight. This was accomplished
using the frame rate to provide a known time step and the 0.5 meter reference marker positioned next to the
launcher to calibrate distance. Figure 7-18 provides a screenshot of this software tracking the test model in
high-speed video.

Figure 7-18: Motion Tracking Software

7.4.3

Other Data Acquisition Options
Several additional data acquisition options exist with potential for future use in conjunction with

this launch system. Infrared motion capture cameras, shown in Section 7.1.2, are one such option. This
technique could produce translational and rotational data in three dimensions in real-time. Its motion
tracking software would also permit rapid processing of its resulting data.
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A parameter directly associated with launcher performance is the time-dependent chamber
pressure. Collection of chamber pressure data requires a dynamic pressure transducer to be installed in the
chamber. This sensor measures the high and transient pressures encountered in internal ballistics
applications. In anticipation of this requirement, a separate chamber assembly was designed and
manufactured which has been drilled and tapped for use with such a pressure transducer. This data would
be used to examine actual pressures during firing and evaluate consistency. Figure 7-18 shows this chamber
assembly with its transducer installed.

Figure 7-19: Chamber Assembly with Pressure Transducer
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Chapter 8 Results and Discussion
8.1 Experimental Results
Experimental testing of the launch system consisted of 13 test launches with identical propellant
charges and projectile masses. These results are depicted in Table 8-1.
Table 8-1: Results of Test Launches

Propellant Charge

7.5 gr

Projectile Mass

0.397 kg

Test 1

66.90 m/s

Test 2

64.57 m/s

Test 3

65.01 m/s

Test 4

64.46 m/s

Test 5

63.04 m/s

Test 6

65.57 m/s

Test 7

68.28 m/s

Test 8

69.65 m/s

Test 9

66.32 m/s

Test 10

68.32 m/s

Test 11

65.52 m/s

Test 12

65.54 m/s

Test 13

62.69 m/s

Mean Velocity

65.84 m/s

Range

6.96 m/s

Standard Deviation 1.77 m/s

85
Several potential sources of uncertainty were considered regarding the measurement of velocities
with a high-speed camera. These included gamma angle uncertainty, motion blur uncertainty, and reference
length uncertainty.39
The gamma angle has the greatest potential to induce uncertainty. Ideally, the camera direction of
view would be perfectly orthogonal to the plane of the projectile’s trajectory. The gamma angle is the angle
by which the trajectory deviates from a plane orthogonal to the camera. This leads to a deviation of the
apparent distance traveled, dp, from the real distance traveled, y. While the launcher was set up at
approximately a right angle to the camera, equipment for exact measurements was unavailable. However,
it is estimated that a maximum of 3 degrees of gamma angle were possible during the test. Equation 8-140
was applied to a test video with a test model at approximately the mean velocity of test results. The angle
β is the angle between the projectile location and the camera line of sight. This value could be assumed zero
due to the camera location.
𝒚=

𝒅𝒑
𝒄𝒐𝒔𝜸 + 𝒕𝒂𝒏𝜷𝒔𝒊𝒏𝜸

8-1

With gamma set at 3 degrees, and beta set at 0 degrees, this produced an uncertainty of 0.09 m/s.
Motion blur results from excessive shutter time, ST, for the velocity of the object of study. It is
measured in pixels and is determined by Equation 8-2. The value vpix has units of pixels per second and was
easily determined with the tracking software used.
𝑴𝑩 = 𝒗𝒑𝒊𝒙 𝑺𝑻

8-2

Application of this method to the velocity of 78,924 pixels/second and the cameras shutter time of 1/4000
seconds yielded a motion blur of 19.7 pixels. Unfortunately, calculation of the uncertainty of motion blur
requires the division of MB by an empirical coefficient41 which must be refined for each experimental setup and could not be determined during this work.

39

(Robbe, Nsiampa, Oukara, & Papy, 2014)
(Robbe, Nsiampa, Oukara, & Papy, 2014)
41
(Robbe, Nsiampa, Oukara, & Papy, 2014)
40
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The final considered source of uncertainty was the reference length uncertainty. This is the
uncertainty of the reference length used in calibration of the tracking software, dcmm, which was nominally
0.5 meters. The uncertainty of this length was estimated to be no greater than 3 mm. Determination of this
uncertainty also required the reference length in pixels, dcpix, as well as the projectile displacement in pixels,
dp, and the time step, Δt. Projectile velocities were calculated by Equation 8-342, with dcmm at the nominal
length and including the maximum uncertainty. The difference in these values was the velocity uncertainty.
𝒗=

𝒅𝒑 𝒅𝒄𝒎𝒎
𝟏𝟎𝟎𝟎𝒅𝒄𝒑𝒊𝒙 ∆𝒕

8-3

This resulted in a velocity uncertainty of 0.4 m/s.

8.2 Internal Ballistics Model Results
The internal ballistics model was loaded with the appropriate launcher dimensions and the
previously determined propellant parameters, as well as the propellant charge and total projectile mass used
in the experimental test launches. Figure 8-1 depicts the pressure in the high-pressure chamber as a function
of time.

Figure 8-1:High-Pressure Chamber Pressure from Propellant Ignition to Recovery of Local Atmospheric
Pressure

42

(Robbe, Nsiampa, Oukara, & Papy, 2014)
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In this figure, the pressure prior to the nozzle-start pressure is shown in blue. It rises sharply as is
required to ensure reliable propellant ignition. The pressure after the burst disk ruptures until complete
propellant combustion is shown in red. After propellant combustion, the pressure is shown in black. It
decreases rapidly as the propellant gases pass to the expanding low-pressure chamber. The significant
parameter in this figure is the maximum pressure attained, 13,664 psi.
The pressure in the low-pressure chamber is depicted in Figure 8-2. This figure shows the pressure
as a function of the changing position of the base of the push rod from nozzle-start until completion of
propellant combustion. The pressure increases rapidly, nearly instantaneously, and gradually decreases as
the chamber volume increases with the moving push rod. The significant parameter in this figure is the
maximum pressure of 113 psi.

Figure 8-2: Low-Pressure Chamber Pressure from Nozzle-Start to Completion of Propellant Combustion

Figure 8-3 shows the velocity of the projectile as a function of the position of the push rod base in
the barrel. The velocity from nozzle-start to completion of propellant combustion is shown in red. The
velocity rises rapidly to this point, after which it begins to level off to its peak velocity. After reaching peak
velocity, a minor decrease in velocity exists due to the effects of friction and air resistance. The significant
parameter in this figure is the final velocity, or muzzle velocity, of 66.5 m/s.
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Figure 8-3: Projectile Velocity from Nozzle-Start to Muzzle

8.3 Comparison of Experimental Results and Model Predictions
The performance objective for the system developed in this work was to launch a model with a
mass in the range of 140-160 grams at a velocity of 66 m/s with a high degree of accuracy and repeatability.
The mean velocity of the test launches was 65.84 m/s with an uncertainty of 0.44 m/s, placing the target
velocity within the uncertainty of the mean. The mean velocity was within 0.25% of the target velocity.
This represents a high degree of accuracy for a system of this type.
Repeatability was considered second only to accuracy. The standard deviation from the mean
velocity was 1.77 m/s. Therefore, it is reasonable to expect that 68% of launches under the test conditions
will achieve a velocity within 2.7% of the mean velocity. The range of the test results was 6.96 m/s. While
all tested launches were considered usable data for the specific purpose for which this system was
developed, the useful range must be considered in the context of the desired application.
While the internal ballistics model developed for this work proved useful, particularly regarding
the determination of critical pressures developed inside the system, there is room for future refinement. Its
prediction of pressures in the low-pressure chamber after the completion of propellant combustion is highly
sensitive to the time step and duration selected during this phase of the firing event. Careful checking and
adjustment were required to ensure the results made physical sense.
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8.4 Discussion of Research Objectives
The design requirements and constraints outlined in Section 1.1 were all met. A model flight vehicle
can be rapidly accelerated to the specified velocity repeatedly. Accuracy and repeatability were
demonstrated as well.
The system can be moved and assembled by a single person in approximately 15 minutes. The reset
time between launches is approximately five minutes. The remote launch system is extremely reliable.
However, its components are fragile and required care in handling and separate storage and transportation
from the main assembly.
The system is also highly modular, with a separate chamber and several barrels already constructed
and tested. Installation and replacement of an appropriate model support is easily accomplished. All
materials and components for both the launcher and ammunition cartridges were easily obtained and
machining was conducted with standard machine shop tools.
There are two aspects to a design using energetic materials that also need to be considered. While
the cost per launch is extremely economical, approximately $0.40 per launch at the time of this writing, the
up-front investment in loading equipment is not insignificant. Also, this system requires significant
preparation time for manufacturing the ammunition to a degree of precision desirable for aerodynamic
research. This process has an economy of scale and the time required is greatly dependent on the level of
automation, particularly in the measurement of propellant.
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Chapter 9 Conclusions
Free-flight testing with scale models is an effective method of characterizing the behavior of
unstable flight vehicles. The conduct of such testing requires a capability of launching the model flight
vehicle at the requisite velocity. The launch method must possess the accuracy and repeatability desired in
the execution of any experimental research while minimizing the economic cost per launch as much as
possible.
This work has shown that a launch system utilizing energetic materials for this purpose is an
effective and economical method to obtain the desired launch velocity of a given mass. The high-low
pressure launch system designed and developed for this purpose provided the necessary capability without
excessive cost or complex manufacturing requirements, while being simple to operate at a rate consistent
with obtaining maximum data in minimal time.
It was considered desirable to develop an internal ballistics model of the system to aid in its
development and use. A study of previous work in this type of modeling identified the required parameters
for such a model. An analysis of the selected propellent was then conducted to determine unknown
parameters of interest.
Ammunition for the system was designed and procedures for its manufacture were developed. This
permitted experimental load development to occur concurrently with that of the internal ballistics model.
The launch system was developed by an iterative process which was aided by the use of a high-speed
camera. The same camera was used in conjunction with motion tracking software for the purpose of data
acquisition. Other methods of data acquisition were also explored for compatibility with system during
future research.
Testing of the system achieved the required velocity for the given mass and resulted in a mean
velocity within 0.26 m/s of the target velocity with a standard deviation of 1.77 m/s.
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Chapter 10 Recommendations
While great effort was made to realize the full potential of the free-flight launch system developed
in this work, there is room for improvement and refinement. It is recommended that further testing be
conducted in conjunction with other data acquisition methods including the chamber mounted pressure
transducer and infrared motion capture cameras. This will enable the refinement of propellant load data,
providing an expanded knowledge base regarding experimental design and preparation.
It is also recommended that further work be conducted regarding the internal ballistics model code
that was developed. Prediction of muzzle velocity and energy would benefit from the inclusion of an
experimentally determined shot-start pressure as well as experimental validation of the nozzle-start
pressure. An experimentally determined maximum pressure in the low-pressure chamber would also permit
refinement of the burn rate coefficient and burn rate exponent.
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Appendix A Propellant Web Measurement Raw Data (in)

Sample

Measurement

Sample

Measurement

1

0.0046

26

0.0030

2

0.0161

27

0.0049

3

0.0053

28

0.0039

4

0.0043

29

0.0039

5

0.0042

30

0.0046

6

0.0045

31

0.0090

7

0.0083

32

0.0031

8

0.0046

33

0.0059

9

0.0049

34

0.0037

10

0.0039

35

0.0039

11

0.0047

36

0.0041

12

0.0037

37

0.0038

13

0.0063

38

0.0039

14

0.0033

39

0.0036

15

0.0052

40

0.0054

16

0.0046

41

0.0040

17

0.0062

42

0.0055

18

0.0036

43

0.0041

19

0.0053

44

0.0042

20

0.0039

45

0.0027

21

0.0040

46

0.0025

22

0.0049

47

0.0058

23

0.0047

48

0.0050

24

0.0052

49

0.0053

25

0.0043

50

0.0036
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Appendix B Internal Ballistics Model MATLAB Code
% Internal Ballistics Model for High-Low Pressure Gun System
clear
clc
format long
% Propellant Parameters
c = 7.5; % (gr) The mass of the propellant charge in grains
C = c/7000; % (lbm) The mass of the propellant charge in pounds mass
lambda = 389038.3086; % (ft*lbf/lbm) Propellant Force Constant
R = 307.618; % (J/kg*K) Specific Gas Constant
Tf = 3746; % (K) Adiabatic Flame Temperature
rho = 0.0590; % (lbm/in^3) Propellant Density
rhops = 0.08936074017; %(lbm/in^3) Density of Potassium Sulfate
b = 36.7; % (in^3/lbm) Propellant Covolume
k = 1.209; % (Dimensionless) Ratio of Specific Heats
B = 0.000775; % in/(sec*(psi^a)) Burn Rate Coefficient
a = 0.92; % (Dimensionless) Burn Rate Exponent
D = 0.0048; % (in) Propellant Web
theta = 1; % Shape Factor 1 for cylindrical grain
cv = R/(k-1); % (J/kg*K) Specific Heat at Constant Volume
% Environmental Parameters
g = 32.174; % (ft/s^2) Gravitational Acceleration
Tinf = 288; % (K) Ambient Air Temperature
Pamb = 101325; % (Pa) Initial Pressure of Low Pressure Chamber
rhoair = 1.225; % (kg/m^3) Standard density of air
% Gun Dimensions
mp = 0.397; % (kg) Mass of Projectile and Push Rod
td = 0.3125; % (in) Throat Diameter
S = (pi/4)*(td^2); % (in^2) Nozzle Area
Vh = 0.1644968599012; % (in^3) High Pressure Chamber Volume
At = 4.96541578e-5; % (m^2) Throat Area
Al = 7.917300294e-4; % (m^2)Bore Area
Vl0 = 8.5234019596e-6; % (m^3) Volume of Low Pressure Chamber
Pns = 5011; % (psi) Nozzle Start Pressure
% Non-dimensionals
psi = (sqrt(k))*((2/(k+1))^((k+1)/(2*(k-1))));
%psi = 0.63; % Adjusted for friction and heat losses
PSI = ((psi*S)/((sqrt(lambda/g))))*(((D)/(2*B*C))^a); % (Dimensionless)
Nozzle Flow Factor
f = (1:-0.001:0); % Fraction of web remaining
phi = (1-f).*(1+(theta*f)); % (Dimensionless) Fraction of Charge Burnt
G = PSI; % Gas Discharge Coefficient
% Compute Pressure in High Pressure Chamber as a function of phi
Ph = (12*C*lambda*phi)./(Vh-((C*(1-phi))/rho)-(C*b*phi)-((C*(0.00125)*(1phi))/rhops));
%plot(phi,Ph)
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% Compute fraction of propellant burnt at time the nozzle first starts to
discharge
n = length(phi);
for i=1:n
if Ph(i)>Pns
Ph(i-1);
phi(i);
phi0 = phi(i-1);
break
end
i=i+1;
end
phi0; % Fraction of propellant burnt at time the nozzle first starts to
discharge
%Compute high pressure chamber pressure from ingnition to nozzle start as a
%function of fraction of propellant burnt
phi = (0:0.001:phi0);
Ph = (12*C*lambda*phi)./(Vh-((C*(1-phi))/rho)-(C*b*phi)-((C*(0.00125)*(1phi))/rhops));
Phx = Ph.^a; % Pressure modified with Burn Rate Exponent
%%Compute high pressure chamber pressure from ingnition to nozzle start as a
%function of fraction of propellant burnt
t = (D./(2*B*Phx)).*phi; % (sec) Time as a function of phi up to nozzle start
% HIGH PRESSURE PLOT BLOCK
plot(t,Ph)
hold on
xlabel('time (s)')
ylabel('Pressue (psi')
grid on
grid minor
title("Chamber Pressure")
phi = (phi0:0.001:1);
N1 = phi.*(1-((PSI*(phi-phi0))./phi)); % (Dimensionless) Fraction of charge
burnt remaining in high pressure chamber
N2 = phi-N1; % (Dimensionless) Fraction of charge burnt in low pressure
pressure chamber
%plot(phi,N1)
%hold
%plot(phi,N2)
% Compute Pressure 1 from nozzle start to all-burnt as a function of phi
Ph = (12*C*lambda.*N1)./(Vh-((C*(1-phi))/rho)-(C*b.*N1)((C*(0.00125).*N1.*(1-phi))/rhops));
%plot(phi,P1)
Phx = Ph.^a; % Pressure modified with Burn Rate Exponent
t = (D./(2*B*Phx)).*phi; % (sec) Time as a function of phi from nozzle start
to all burnt
% HIGH PRESSURE PLOT BLOCK
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plot(t,Ph)
hold on
xlabel('time (s)')
ylabel('Pressure (psi)')
grid on
grid minor
%title("Chamber Pressure from Ignition to All Burnt")

Th = Tf; % (K) Temperature of High Pressure Chamber
Pl0 = Pamb;
ml0 = 1.225*Vl0;

% Metric conversions
b = 1.326e-3; % (m^3/kg) Metric Covolume
%g = 9.80665 % (m/s^2) Metric gravitational acceleration
%Vh = 2.69563e-6 % (m^3) Metric high pressure chamber volume
%C = C*0.453592 % (kg) Metric propellant charge
Ph = Ph*6894.76; % (Pa) Convert Ph to metric units
Ph = Ph'; % (psi) Pressure Vector from High Pressure Chamber
rhot0 = 18.5; % (kg/m^3) Initial gas density in throat from ideal gas model
% Compute pressure in low-pressure chamber from nozzle start to all burnt
n = length(t);
for i = 1:n-1
% Initial Pressure
if i==1
Pl(i) = Pl0;
else
Pl(i) = Pl(i-1);
end
% Initial throat density
if i==1
rhot(i) = rhot0;
else
rhot = rhot(i-1);
end
% Temperature in low-pressure chamber
if i==1
Tl(i) = Tinf;
else
Tl(i) = Th/((Ph(i)/Pl(i))^((k-1)/k));
end
% LHS and RHS of choked flow condition
Prat1 = Ph(i)/Pl(i);
Prat2 = ((k+1)/(2*(1-(rhot*b))))^(k/(k-1));
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if Prat1 >= Prat2 % Choked Flow Condition
M(i) = 1; % Mach Number
Pt(i) = Ph(i)*((1+((k-1)/(2*(1-(rhot*b)))))^(-k/(k-1))); % (Pa)
Throat Pressure
Tt(i) = Th*(((1+((k-1)/(2*(1-(rhot*b))))))^-1); % (K) Throat
Temperature;
else
Pt(i) = Pl(i); % (Pa) Throat Pressure
Tt(i) = Th*((Pt(i)/Ph(i))^((k-1)/k)); % (K) Throat Temperature
M(i) = sqrt(((2*(1-(rhot*b)))/(k-1))*((Th/Tt(i))-1)); % Mach Number
end
% Update temperature in low pressure chamber
if i==1
Tl(i) = Tinf;
else
Tl(i) = Th/(1+(((k-1)/2)*(M(i)^2)));
end
% Physics in throat
vg(i) = (M(i)*(sqrt(k*R*Tt(i))))/(1-(rhot*b));
Throat
rhot(i) = Pt(i)/(R*Tt(i));

% (kg/m^3) Gas Density in Throat

mdot(i) = G*rhot(i)*At*vg(i);
dt(i) = t(i+1)-t(i);
dm(i) = mdot(i)*dt(i);

% (m/s) Gas Velocity in

% (kg/s) Mass Flow Rate

% (s) Time Step
%

(kg) Mass Flow During Time Step

dW(i) = dm(i)*((cv*((k*Tt(i))-Tl(i)))+(rhot(i)*b)+((vg(i)^2)/2)); % (J)
Flow work step
% Work of projectile friction in barrel
if i == 1
Wf(i) = 0;
else
Wf(i) = (2.363119)*dx(i-1);
end
% Work of air resistance on front of projectile
if i == 1
Wair(i) = 0;
else
Wair(i) = rhoair*Al*((vp(i-1))^2)*dx(i-1);
end
% Total work done on projectile during launch
if i == 1
W(i) = dW(i);
else
W(i) = W(i-1)+dW(i)-Wf(i)-Wair(i);
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end
vp(i) = sqrt((2*W(i))/mp);
vp(i); % (m/s) Current projectile velocity
% Volume of low-pressure chamber at start of step
if i == 1
Vl(i) = Vl0;
else
Vl(i) = Vl(i-1);
end
rhol(i) = (ml0+dm(i))/Vl(i); % (kg/m^3) Density in low-pressure chamber

dx(i) = vp(i)*dt(i); % (m) Position step
% Update position
if i == 1
x(i) = dx;
else
x(i) = x(i-1)+dx(i);
end
x; % (m) Current projectile position
% Update Volume of low-pressure chamber
if i == 1
Vl(i) = Vl0;
else
Vl(i) = Vl0+(Al*dx(i));
end
Vl; % Volume of low-pressue chamber at end of step
% Update pressure in low-pressure chamber for next step
Pl(i) = Pt(i)*((rhol(i)./rhot(i))^k);
end
%vp' % For examining projectile velocity in a column
%
%
%
%
%
%
%

VELOCITY PLOT BLOCK
plot(x,vp)
hold on
xlabel('Position (m)')
ylabel('Velocity (m/s)')
grid on
grid minor

% LOW PRESSURE PLOT BLOCK
%Pl = Pl/6894.76 % For plotting pressure in psi
% plot(x,Pl)
% hold on
% xlabel('Position (m)')
% ylabel('Pressure (psi)')
% grid on
% grid minor
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% Parameters at complete propellant combustion (all-burnt)
xb = x(n-1);
tb = t(n);
rhotb = rhot(n-1);
vpb = vp(n-1);
Vlb = Vl(n-1);
Plb = Pl(n-1);
Phb = (Ph(n-1))/6894.76;
Wb = W(n-1);
rholb = rhol(n-1);
mlb = rholb*Vlb;
dxb = dx(n-1);
Tlb = Tl(n-1);
% Determine internal ballistics after all burnt
t = tb:0.00001:0.003; % (s) Time step
n = length(t);
b = 36.7; % (in^3/lbm) Propellant Covolume back to Imperial units
% Compute pressure in high-pressure chamber after all-burnt
for i = 1:n-1
thh = (2*Vh)/(12*S*psi*(k-1)*(sqrt(g*lambda))); % (s) This is theta
Num = 12*C*lambda*(1-(PSI*(1-phi0)));
Den = Vh-(b*C*(1-(PSI*(1-phi0))));
Ph = (Num/Den)*((1+((t-tb)/thh)).^((-2*k)/(k-1)));
Ph; % (psi) Current pressure in high-pressure chamber
end
% HIGH PRESSURE PLOT BLOCK
plot(t,Ph,'k')
xlabel('time (s)')
ylabel('Pressure (psi)')
grid on
grid minor
hold off
Ph = Ph*6894.76; % (Pa) Convert Ph to metric units
Ph= Ph'; % Transpose pressure vector
b = 1.326e-3; % (m^3/kg) Metric Covolume
x = xb; % (m) Starting position is projectile position at all-burnt
n = length(t); % Set at Line 242
% Compute pressure in low-pressure chamber after all-burnt
for i = 1:n-1
% Initial Pressure
if i==1
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Plf(i) = Plb;
else
Plf(i) = Plff(i-1);
end
% LHS and RHS of choked flow condition
Prat1(i) = Ph(i)/Plf(i);
Prat2 = ((k+1)/2)^(k/(k-1));
if Prat1 >= Prat2 % Choked Flow Condition
Mf(i) = 1; % Mach Number
Ptf(i) = Ph(i)*((2/(k+1))^(k/(k-1))); % (Pa) Throat Pressure
Ttf(i) = Th*(2/(k+1)); % (K) Throat Temperature;
else
Ptf(i) = Plf(i); % (Pa) Throat Pressure
Ttf(i) = Th*((Ptf(i)/Ph(i))^((k-1)/k)); % (K) Throat Temperature
Mf2(i) = ((2/(k-1))*((Th/Ttf(i))-1)); % Mach Number Discriminant
% Reaction to a negative Mach Number Discriminant
if Mf2(i) > 0
Mf(i) = sqrt(((2/(k-1))*((Th/Ttf(i))-1))); % Mach Number
else
Mf(i) = 0;
end
end
% Update temperature in low-pressure chamber
if i==1
Tlf(i) = Tlb;
else
Tlf(i) = Th/(1+(((k-1)/2)*(Mf(i)^2)));
end
% Physics in throat after complete propellant combustion
vgf(i) = Mf(i)*(sqrt(k*R*Ttf(i))); % (m/s) Gas Velocity in Throat
rhotf(i) = Ptf(i)/(R*Ttf(i));

% (kg/m^3) Gas Density in Throat

mdotf(i) = G*rhotf(i)*At*vgf(i);
dtf(i) = t(i+1)-t(i);

% (kg/s) Mass Flow Rate

% (s) Time Step

dmf(i) = mdotf(i)*dtf(i);

%

(kg) Mass Flow During Time Step

dWf(i) = dmf(i)*((cv*((k*Ttf(i))-Tlf(i)))+((vgf(i)^2)/2)); %(J) Work step

% Compute work of friction between projectile and barrel
if i == 1
Wff(i) = (2.363119)*dxb; % Friction force measured experimentally at
2.36 Newtons
else
Wff(i) = (2.363119)*dxf(i-1);
end
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% Compute work of air resistance on front of projectile
if i == 1
Wairf(i) = 0;
else
Wairf(i) = rhoair*Al*((vpf(i-1))^2)*dxf(i-1);
end
% Compute total work done on projectile during launch
if i == 1
Wf(i) = Wb+dWf(i)-Wff(i);
else
Wf(i) = Wf(i-1)+dWf(i)-Wff(i)-Wairf(i);
end
Wf(i); % (J) Total work
vpf(i) = sqrt((2*Wf(i))/mp); % (m/s) Current projectile velocity
% Volume of low-pressure chamber at start of step
if i == 1
Vlf(i) = Vlb;
else
Vlf(i) = Vlf(i-1);
end
rholf(i) = (mlb+dmf(i))/Vlf(i); % (kg/m^3) Density in low-pressure
chamber

dxf(i) = vpf(i)*dtf(i); % (m) Position step
% Update projectile position
if i == 1
xf(i) = xb+dxf(i);
else
xf(i) = xf(i-1)+dxf(i);
end
% Update volume of low-pressue chamber at end of step
if i == 1
Vlf(i) = Vlb;
else
Vlf(i) = Vlb+(Al*dxf(i));
end
% Update pressure in low-pressure chamber for next step
Plff(i) = Ptf(i)*((rholf(i)/rhotf(i))^k); % (Pa)
% Halt program at muzzle
if xf <= 0.3048 % Barrel is 0.3048 m (12 inches) in lenght
continue
end
break
end
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%n=length(vpf)
% vpf' % Column of velocities
%
%
%
%
%
%
%

VELOCITY PLOT BLOCK
plot(xf,vpf)
xlabel('Position (m)')
ylabel('Velocity (m/s)')
grid on
grid minor
hold off

% LOW PRESSURE PLOT BLOCK
%Pl = Pl/6894.76 % For plotting pressure in psi
% plot(xf,Plf)
% xlabel('Position (m)')
% ylabel('Pressure (psi)')
% grid on
% grid minor
% hold off
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Appendix C Dimensional Drawings

C-1: Inner Chamber

C-2: Outer Chamber
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C-3: Barrel

C-4: Push Rod
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C-5: Bolt

C-6: Backplate
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C-7: Upper Receiver

C-8: Lower Receiver
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C-9: Barrel Support

C-10: Cocking Handle
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C-11: Striker Shaft

C-12: Striker Head
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C-13: Trigger Housing

C-14: Trigger Bar
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C-15: Trigger Solenoid Spacer

C-16: Striker Guide Plate
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Appendix D Prediction of Barrel Thread Failure MATLAB Code
% Numerical Prediction of Barrel Thread Failure
% Based on the method derived by Carlucci and Jacobson
clc
clear
format long
% Major diameter of external thread
do = 1.4976; % in
% Minor diameter of internal thread
di = 1.320; % in
% Yield strength (stress) of male material in tension
Y1 = 40000; % lbf/in^2 This is 6061-T6 Aluminum alloy
% Pitch distance of thread form
p = 1/6; % in
% Radius at which threads will shear
r = [0.6600:0.0001:0.7488]; % in
% Thread angle (smallest for buttress threads)
phi1 = 30*(pi/180); % rad
% Thread angle (largest for buttress threads)
phi2 = phi1; % rad
% Pitch diameter of external (male) thread
dpm = 1.3893; % in
%x = tan(phi1)
denG = (0.5*p-r*tan(phi1)r*tan(phi2)+0.5*dpm*tan(phi1)+0.5*dpm*tan(phi2)).^2;
G3 = (0.15625*(do^3))./(r.*denG);
G2 = (-0.3125*(do^2))./denG;
G1 = (-0.625*r*do)./denG;
G0 = (1.25*(r.^2))./denG;
F1 = (pi/4)*(do^2-di^2)*(Y1./(G3+G2+G1+G0+(1/1.2)));
plot(r,F1)
hold on
Y2 = 40000; % lbf/in^2

This is 6061-T6 Aluminum alloy

dpf = 1.3917; % in
denH = (0.5*p+r*tan(phi1)+r*tan(phi2)-0.5*dpf*tan(phi1)0.5*dpf*tan(phi2)).^2;
H3 = (0.15625*(di^3))./(r.*denH);

113
H2 = (-0.3125*(di^2))./denH;
H1 = (-0.625*r*di)./denH;
H0 = (1.25*(r.^2))./denH;
F2 = (pi/4)*(do^2-di^2)*(Y2./(H3+H2+H1+H0+(1/1.2)));
plot(r,F2)
title("Thread Failure Force as a Function of Location")
xlabel("Radius (in)")
ylabel("Force (lbf)")
min(F1)
min(F2)

